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Seoul National University 

 

The surface properties are affected by the physical structures or chemical 

characteristics of the surface. As the electron microscope system advanced to 

allow observing in nanoscale, the fundamental researches of surface properties 

conducted last few decades. The superhydrophobic surfaces, which was unique 

property found in lotus leaf, was revealed due to the effect of hierarchical 

structure, many researchers try to imitate them. Patterning method was 

introduced to fabricate hierarchical structure to systematic analysis, however, 

most researches showed limitations for industrial application due to the 

complicated process. It was necessary to study how to create supernumerary 

surfaces by implementing hierarchies in a simple way. 
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Meanwhile, mechanical instabilities such as wrinkles, folds and cracks arise 

when the surface is subjected to various kind of stresses. Among them, the crack 

phenomenon caused by tensile stress regarded as defect due to its random 

generation, research was focus on to prevent them. Especially in the drying 

colloidal film system, there has been little research on how to control it so far, 

because it is more complex and unevenly formed than the crack phenomenon 

occurring in the polymer thin film. 

Pattering provides a platform for systematically controlling and analyzing 

these phenomena occurred on surfaces. This is because the structural 

characteristics of the surface can be controlled by freely adjusting the size, type, 

and spacing of patterns in nano unit. The patterning methods are known as 

photo lithography, etching and soft imprinting, etc.  

 This dissertation presents a systematic study of superhydrophobic surface and 

crack manipulation by applying pattern. A simple method to fabricate 

hierarchical structure was studied for applying industrial field and mechanical 

control of drop impact dynamics on patterned surfaces was analyzed. The 

surface crack in desiccation film was controlled by stress localization effect 

induced by micropatterns. Furthermore, we controlled the size of crack 

fragments with substrate effect to fabricate homogeneous microblocks and 

suggest that crack can be usefully utilized in the engineering field. 

 In Chapter 1, we presented a study on fabricating method to transparent 

superhydrophobic surfaces in large areas. In order to induce a rapid reaction 

even at room temperature, epoxy-thiol click reaction was introduced into the 

binder to manufacture a colloid solution consisting of silica nanoparticles, 
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binders and solvents. We investigated the effect of the proportion of each 

element on the contact angle, transparency and surface structure. Finally, we 

suggest the spray coating to applicable on a universal surface to coating with 

superhydrophobicity. 

 In Chapter 2, an asymmetrical chemical pattern with hydrophilic properties 

was imprinted on the surface to control droplet after impacting the surface. A 

pattern with vertex was designed to induce droplets bouncing toward vertex 

after impacting the surface. By adjusting the angle of the pattern and the 

impacting distance from the vertex, we find factors that influence the degree of 

directionality, and compare them with geometric theoretical values. This idea 

provided the platform to collect the droplets on flat surface without any physical 

patterns in surface.   

In Chapter 3, we studied the method of controlling random cracks generated 

during surface fabrication process in Chapter 1 to well-ordered cracks via 

micropatterns (prisms and pyramids). Micropatterned films were fabricated by 

the soft imprinting technique with wet TiO2 nanoparticle pastes, followed by 

calcination to remove organic components. During the calcination, the volume 

shrinkage occurred in film and stress was concentrated on the edges of each 

pattern induced cracks to be produced. The degree of stress localization effect 

was affected by film thickness, nanoparticle size, and heating rate. In particular, 

film thickness also affected the area of the crack fragments. Utilizing the 

advantages of our experimental system, we could use a pyramid as a unit to 

accurately quantify the area of fragments by simply counting the number of 

pyramids in isolated cracks to identify the scaling relationship between film 
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thickness and area. 

 In Chapter 4, we developed a platform to fabricate various size of pyramidal 

microblocks by cracking over patterned surfaces. We studied the substrate 

effect on control cracks and manipulate the fragmentation of TiO2 microscopic 

pyramids by cracking on prepatterned substrates that have different depths in 

the substrate. The homogeneous mesoporous microblocks with 

multifunctionality and various sizes for versatile applications by detaching 

them from the substrate. This crack engineering method can be used to 

economically produce a large number of mesoporous microblocks with tunable 

sizes and functionalities. 

 We believe these studies suggest the ways to control surface properties by 

utilizing patterns and can give guide to the new strategies on manipulating 

cracks in desiccation crack system.  
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Chapter 1. Large-Scale Transparent Hydrophobic 
Surfaces Fabricated by Spray Coating 

Formulation 

 

 

1.1. Introduction 

Superhydrophobic surface is one of the unique properties in nature, and it has 

the potential usage in various fields such as self-cleaning1-3, drag reduction4, 5, 

water condensation6, 7 and anti-icing8, 9. The superhydrophobic surface is 

defined as a surface with contact angle (CA) > 150o and sliding angle (SA) < 

10o resulting in easily roll off from the surface.10-12 To satisfy both conditions, 

the surface sadisfied with structure effect (i.e, roughness) and chemical effect 

with low surface energy.13 It has been sufficiently demonstrated that 

superhydrophobic surface is affected by roughness and chemical composition. 

The hierarchical structrue which is consisting of dual system structure such as 

nanostructures undertlying microsturctres is well known the structure effect of 

superhydrophobic surface.14 Generally, the hierarchical surface roughness 

induces to either increase or decrease the contact area of the solid-liquid 

interface resulting in contact angle. The liquid completely wetted to the surface 

roughness to increase the solid-liquid contact area, this descrived as Wenzel 

state.15 However, the liquid bridges between surface roughness generating a air 

pocket to maintain solid-liquid-air interface, this wetting state descrived as 

Cassie-Baxter state.16 To fabricate superhydrophoibc surface, the Cassie-Baxter 

model should be conducted. 
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Many researchers reported for the design of hierarchical structure from low 

surface energy materials to fabricate Cassie-Baxter state, including soft 

lithography3, 17, 18, block copolymer assembly19, electrospinning20, 21. However, 

these technic have limitations for industrial application due to the complicated 

process. In contrast, spray technic offers a simple, one step industrially viable 

process with a long history in coating technology. In view of these advantages, 

spray coating processes have recently been applied to sol-gel deposition of 

nanoparticle suspension22-24, polymer/nanoparticle mixing25 and copolymers26. 

However, this method has a limitation in transparency, and additional research 

is needed to overcome them. 

Herein, we report a simple method for the fabrication of transparent 

hydrophobic surfaces through spray coating method. In order to induce a rapid 

reaction even at room temperature, epoxy-thiol click reaction was introduced 

into the binder to manufacture a colloid solution consisting of silica 

nanoparticles, binders and solvents. The binder was rapid curing under room 

temperature by amine catalyst turned to transparent rigid state. We optimized 

the solution ratio of solvent, binder and nanoparticles to fabricate transparent 

hydrophobic surfaces. Finally, we suggest the spray coating to applicable on a 

universal surface to coating with superhydrophobicity such as paper, marble, 

stone and glass.  
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1.2. Experimental Section 

Materials. Pentaerythritol Tetra(3-mercaptopropionate), Trimethylolpropane 

Triglycidly Ether, Triethyl Amine, SiO2 nanoparticles(size <80nm) were 

purcchased form Sigma Aldrich.  

 

Surface Modification of Hydrophilic Silica. 5 grams of SiO2 nanoparticles 

and 100 mL of dehydrated toluene were pour into a round flask. After adding 3 

mL of dodecyltrichlorosilane, the solution was refulxed for 2 hours. After 

reaction, the solution washed by centrifuge in ethol for 3 times followed by 

filtration. After filtration, the particle dried 60oC for 1 hour in oven and the 

hydrophobic silica nanoparticle was obtained. 

 

Film Preparation with Spray Method. The epoxy-thiol binders were prepared 

by 30 mL vials, maintaining a 4:3 stoichiometric ratio of epoxy to thiol. The 

silica nanoparticles were added to the binder mixture and dispersed in a solvent 

such as isopropaneol by ultrasonication for 1 hour. The glass slide was used as 

a model substrate, it was cleaned via piranha solution. 0.2 mL of  triethylamine 

catalyst was add just before spray the solution. An air brush with a nozzle 

diameter of 0.5 mm was connected to a compressed nitrogen gas (0.2 MPa) and 

sprayed for 20 seconds at 10 cm distance from the substrate. After spray, the 

substared dried in room temperature for 2 hours to completely curing the binder. 

 

Characterization. The static contact angle were measured with a contact angle 

analyzer (Drop Shape Analysis System DSA100, Kruss) by gently depositing 

water droplets of 5µL on surfaces. SEM images were taken using a FE-SEM 

(JSM-6701F, JEOL) at an acceleration voltage of 10.0 kV. Nano roughness of 
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surface was analyzed by observing the height profile obtained from AC-mode 

AFM images (Nanowizard 3, JPK Instruments). AC mode cantilevers (Length 

= 125 µm, width = 30 µm) were used. The kinetics of binder was measured 

with a differential scanning calorimetry (DSC; DSC 404 C, NETZSCH). The 

transmittance of coated films was measured with a UV-Vis spectrometer 

(Lambda 35 UV/Vis Spectrometer, PERKIN ELMER Instruments.) 
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1.3. Results and Discussion 

1.3.1. Design of the One-Step Transparent Superhydrophobic 
Coating Formulation through Spray Process  

Spray coating technic is a useful way to coating the solution over a large area 

in a short time. Figure 1.1(a) shows the schematic of spray-coating process 

using epoxy-thiol binders with hydrophobic silica nanoparticles. The 

pentaerythritol tetra(3-mercaptopropionate)(PETMP), a trimethylolpropane 

triglycidly ether(TMPTE), trimethyl amine for catalyst and hydrophobic silica 

nanoparticles(NPs) were diluted in isopropanol to fabricate coating solution. 

We set the major strategies for enhancing hydrophobicity and transparency in 

spray coating. First, we use ~70nm silica particles to reduce the lighy 

scattering.27 And the hydrophobic silica NPs were prepared by surface 

modifitation reaction refulx in toluene with dodecyltrichlorosilane.(Figure 

1.1(b)) The silica particle surface was replaced with an alkyl chain after the 

reaction, which was confirmed by IR measurements.(Figure 1.1(c)) During the 

spary coating, the solution was randomly coated onto the substrate depending 

on the spray-technic parameters such as air pressure, nozel size, coating 

distance from nozzle to substrate, spray time, etc. We fixed the spray conditions 

for 10 second each process under 0.2 MPa N2 spray which was fully wet coated 

condition on the substrate. The solvent was rapidly evaporatied in 20 second 

after spray, the remained binder and silica NPs formed the surface with nano 

roughness resulting in hydrophobic surface. 
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Figure 1.1. (a) Schematic illustration of the schematic of spray-coating process 

using epoxy-thiol binders with hydrophobic silica nanoparticles. (b) The 

process of silica surface modification to alkyl group. (c) IR spectra of silica 

nanoparticles after surface modification. 
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1.3.2 Development of Rapid Curing Binder System in Ambient 
Condition through Thiol Epoxy Reaction  

We introduced a fast curing epoxy system to induce curing under the room 

temperature. Figure 1.2 (a) shows a schmetric illustrations of binder curing 

sysyem with epoxy-thiol chemistry. In order to rapid reaction process, we 

choosed monomer with multi-activation site; Trimethylolpropane Triglycidly 

Ether for epoxy compound which have three activation site of epoxy group and 

Pentaerythritol Tetra(3-mercaptopropionate) for thiol curing agent with four 

activation site of thiol group. We mixed two compounds in stoichiometry ratio, 

add trilethylamine(TEA) as a reaction catalyst and voltexing for 1 minute. The 

epoxy-thiol binder was fully cured in vial after 2 hours while maintaining 

transparency as show in Figure 1.2 (b). The amine catalyst, TEA, catalyzed 

thiol-epoxy ring-open coulping reaction. Figure 1.2 (c) shows the curing 

mechanism how amine catalyst trigger the epoxy-thiol reaction. We also 

investigate the kinetics of binder curing conditions through Differential 

Scanning Calorimerty(DSC) analysis. After the catalyst into the binder, we 

check the temperature of curing condition through two cycles under 0 oC to 80 

oC. The exothermic reaction detection in temperature between 20 oC and 80 oC 

at first cycle indicates that the epoxy-thiol curing reaction has been carried out. 

The exothermic peak is disapeared under same temperature in second cycle, it 

means than the reaction was completed in first cycle. (Figure 1.3 (a)) To specify 

the curable temperature, especially room temperature, the binder was cured at 

30 oC for 4 hours. As a result, exothermic peak detected immediately on-set and 

the reaction finished after 120 mins. (Figure 1.3 (b))  
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Figure 1.2. (a) Shcematic illustration and chemicals of epoxy-thiol binder 

reatcion. (b) Photograph of the transparent binder after curing reaction. (c) 

Mechanism for base-catalyzed epoxy-thiol reactions.  
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Figure 1.3. Differential Scanning Calorimetry (DSC) curves for curing of 

epoxy-thiol binder. (a) Cycling test and (b) reacting at 30 oc isotherm conditions. 
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1.3.3. Effects of the Ratio of Binder and Silica NPs on 
Surface Morphology and Transparency 

We investigated the effects of binder and silica NPs ratio on surface 

properties. To fine the optimal ratio of each components in colloidal solution to 

fabricate transparent hydrophobic surface, we first fixed the ratio of silica NPs 

for 1wt % relative to whole solution and set the binder ratio for control value. 

Figure 1.4 shows the contact angle (a) and transparency (b) of surfaces as a 

function of binder ratio. The coated film was measured with a goniometer and 

a UV-Vis spectrometer from visible range. The solution was prepared with 

different loading amount of binder (0.25, 0.5, 1, 2wt % relative to whole 

solution) in fixed silica nanoparticle ratio (1wt % relative to whole solution). 

As the binder ratio decreased, both the contact angle and the average 

transparency increased. The hydrophobic and transparent surface with ~138o of 

contact angle and 90% average transparency formed when the binder ratio was 

0.25 %. We found the reason of these results through morphology analysis. The 

morphology of each surface was investigated by scanning electron 

microscopy(SEM) and shown in Figure 1.4 (c) 2wt %, (d) 1wt % and (e) 

0.25wt %. When the amount binder loading was 0.25wt %, the surface was 

uniformly coated. However, the amount binder loading was 2wt %, the potholes 

were formed on surface because the proportion of silica NPs was lower than 

that of binders resulting in a lack of NPs being coated on the surface.  

After we found the optimal loading ratio of binder, now investigated the 

loading amount of silica NPs under fixed the binder ratio for 0.25wt %. The 

solution was prepared with different loading amount of silica NPs (1, 2, 3, 5wt % 

relative to whole solution). As the silica NP ratio increased, the contact angle 

was with ~138o in all cases (Figure 1.5 (a)), however, the transparency was 

changed. (See Figure 1.5 (b)) When the loading amount of silica NPs was 
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1wt %, the average transparency was 90 %. As the loading amount of silica NPs 

increased to 2 and 3wt %, the average transparency enhanced to 96.6% and 

97.7%, respectively. Interestingly, when loading amount was 5wt %, the 

transparency decreased to 92.3%. Figure 1.5 (c) and (d) shows the morphology 

of transparent hydrophobic surfaces formed by the optimized loading ratio; 

binder 0.25 wt % and silica NPs 2 wt %. The surface was coated uniformly 

maintaining about 800 nm thickness. However, when the amount of loading 

silica NPs was 10 wt %, the cracked surface was observed resulting in reducing 

both contact angle and transparency of film.  

Finally, we quantified the degree of roughness of the surface by AFM, the 

RMS roughness was measured about 23.1nm. The surface began to generate 

cracks by increasing amount of silica NPs at 10 wt %. (Figure 1.6)  
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Figure 1.4. (a) Variation of static water contact angle as a function of binder 

concentration at 0.25, 0.5, 1, 2wt % loading. Inset show the static water drop 

images. (b) Transmittance of films with different binder loading at 0.25, 0.5, 1, 

2wt %. Morphologies of coated film in different binder ratio (c) 2wt %, (d) 1wt% 

and (e) 0.25wt % with fixed silica particle ratio (1wt %). 
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Figure 1.5. (a) Variation of static water contact angle as a function of silica 

NPs concentration at 1, 2, 3 and 5wt % loading. Inset show the static water drop 

images. (b) Transmittance of films with different binder loading at 1, 2, 3, 

5wt %. The SEM images of morphologies of coated film in different binder 

ratio (c) 2wt % and (d) its cross section view and (e) 10wt % with fixed binder 

ratio (0.25wt %). 
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Figure 1.6. The AFM images of hydrophobic surface with the ratio of binder 

for 0.25wt % and silica NP for 2wt %. The right images show the 3D and cross 

profile (white line in left image) of the surface. 

 

 

 

 

 

 

 

 

.  
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1.3.4. Demonstrate to the Universal Surface by Spray Coating 
Formulation  

We demonstrate to various substrate by spray coating formulation to fabricate 

transparent hydrophobic surface. Figure 1.7 shows a photograph of red dyed 

water droplet on various treated surfaces such as paper, marble, ceramics, filter 

paper and transparent glass. Water droplets on treated region are always non 

wetted, however, the red dyed water droplet easily wet or penetrate the paper 

on untreated regions. These results suggest the potential to provide and 

economical technics to fabricate transparent and hydrophobic surface for 

industrial field. 
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Figure 1.7. Photograph of various surfaces spray coated with the optimized 

ration of solution; binder 0.25wt % and silicat 2wt %. Shown in photo are 

compared coated and uncoated for papar, marble, ceramics and filter paper. 



１７ 

 

1.4. Conclusion 

We demonstrated a simple method for the fabrication of transparent 

hydrophobic surfaces through spray coating method. Epoxy-thiol click reaction 

was introduced into the binder to manufacture a colloid solution consisting of 

silica nanoparticles, binders and solvents. The binder was rapid curing under 

room temperature by amine catalyst turned to transparent rigid state. The 

combination of the spray technic with hydrophobic silica NPs formed the nano 

roughness on the surfaces resulting in transparent hydrophobic surfaces. We 

optimized the components consisting the solution to fabricate transparent and 

superhydrophobic surface. The droplets on sprayed substrate maintained 

Cassie-Baxter wetting state to allow water repelling surface. Moreover, we 

suggest the spray coating to applicable on a universal surface to coating with 

superhydrophobicity such as paper, marble, stone and glass. This method 

suggests the simple method to form transparent hydrophobic surfaces in 

industrial field applicable large and universal surfaces. 
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Chapter 2. Mono Directional Bouncing of Droplets 
Impacting on Asymmetric Hydrophilic Patterned 

Surfaces 

 

 

2.1. Introduction 

Water-repelling surfaces inspired by lotus leaf have often been studied 

because it has the potential usage in various fields such as self-cleaning1, 28, 29, 

anti-icing8, 9, 30 and anti-fogging31. Previous researches were focused on how to 

design and fabricate the multiscale structures to enhance hydrophobicity.3, 32-34 

Recently, researches on wetting dynamics using a high-speed camera are 

actively under way35-38 because accurate analysis of droplet movement can be 

used to suggest a new wetting models and physical variables that control the 

droplet. 

  When droplet impacts on non-wetting surfaces, it spread out to a maximum 

diameter39 and then retract to such an extent that it completely rebounds, 

bouncing off from the surfaces40-42. During the retraction, the droplet affected 

by substrate patterns both surface structure (physical patterns) and surface 

chemistry (chemical patterns). The physical patterns were applied to reduce 

contact time by splitting droplets in macrotexture35, 36 or inducing pancake like 

bouncing in square lattice structure43. The contact time at which the droplet 

contacts the surface depends on the internal dissipation44, capillary of the drop45 

and surface-liquid interactions46. It is often useful to minimize the contact time 

because it controls the mass, momentum, and energy exchange between the 
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droplet and surfaces. In addition, it can lead to anti-icing if the droplet bouncing 

off before freezing. The hydrophilic chemical pattern has high surface energy 

generating pinning force when the droplet impacting on hydrophilic surfaces. 

Using these characteristic, chemical patterns have been applied to induce 

directional bouncing47 or gyrating bouncing48. However, the accurate control of 

the directional bouncing remains a major challenge due to the complexity of 

the interaction between the droplet and surface pattern. 

In this work, we development a method for controlling directional bouncing 

by impacting on hydrophilic patterns. The vertex asymmetric dual line 

hydrophilic patterns were designed to get directionality during the rebounding. 

The vertex angle and impacting distance(offset) from the vertex was specified 

as a variable to precise control of the droplet movement. Due to the asymmetric 

vertex dual line, the droplet rebounded toward the vertex and the degree of 

directionality was affected by vertex angle and offset. And the degree of 

directionality was controlled by the shift values which was determined by the 

vertex angle and offset. This research shows us to understand drop impacting 

process in hydrophilic pattern, especially asymmetric cases and offer the 

strategy to control the droplet behaviors in applications such as droplet 

transportation, collecting droplets, ink-jet printing, etc. 
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2.2. Experimental Section  

Fabrication of Flat Hydrophobic Surfaces with Nano-Roughness. A highly 

viscous TiO2 pastes (consisting of 20nm TiO2 nanoparticles and organic 

compounds) will be uniformly coated on glasses by the doctor-blade method to 

get a film thickness of about 6 μm. Then the coated flat glasses will be subject 

to sintering at 500 °C for 1 hr to decompose all the remaining organic 

components of TiO2 pastes. Because as-prepared TiO2 flat surfaces will be 

hydrophilic showing the complete wetting of water droplets, the surfaces will 

be dipped in 0.1M solution of 1H, 1H, 2H, 2H-perfluorooctyltriethoxysilane 

dissolved in n-hexane for 10 min to achieve hydrophobicity. As a result, the flat 

hydrophobic surfaces with nano-roughness originating from the TiO2 

nanoparticles will be obtained. 

Formation of Vertex Hydrophilic Patterns in Film. The flat hydrophobic 

surfaces lost water repelling property after 10-20min UV illumination, because 

the photocatalytic activity of TiO2 decomposes the fluorocarbon hydrophobic 

layer. Applying this property, the flat hydrophobic TiO2 surfaces will be able to 

get vertex hydrophilic patterns depending on mask patterns. To preparation of 

masks, desired patterns designed by CAD program will be printed on 

transparent films maintaining the patterned parts are transparent and other parts 

are black with UV blocking materials. To prevent the pattern forming larger 

than the desired size due to scattering of UV light, the as-prepared TiO2 

hydrophobic surface contact closely to the mask with no space. After UV 

illumination, the transparent part with patterns will become to hydrophilic and 

the other parts maintain hydrophobic, various kinds of chemical patterns will 

be fabricated. 
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Experimental Setup of Drop Impacting. The droplets will release from a 

needle at a fixed height above the impacting surface. The impact velocity, 

contact time and volume of droplet will be calculated directly from the high 

speed images for each trial. During drop impact, simultaneous top and side 

views of drop impact dynamics will be recorded using two high-speed video 

microscopy at minimum of 10000 frames per second. The contact angle, 

advancing contact angle and receding contact angle of chemical patterns will 

be measured by contact angle measurement. 

Characterization. The static contact angles and sliding angles were measured 

using a contact angle analyzer (Drop Shape Analysis System DSA100, Kruss) 

by gently depositing deionized water droplets of 5µL on micro striped surfaces. 

The film thickness were analyzed by SEM with a field emission scanning 

electron microscope (JSM-6701F, JEOL) at an accelerating voltage of 10.0 kV. 

The drop impacting sequence was analyzed by image processing 

program(ImageJ). 
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2.3. Results and Discussion 

2.3.1. Fabrication of Vertex Hydrophilic Patterns on 
Hydrophobic Surfaces 

Figure 2.1 (a) illustrates the procedure for the fabrication of the hydrophilic 

chemical patterns in hydrophobic surfaces. The hydrophobic surface consisting 

of TiO2 nanoparticles was fabricated doctor blading method followed by 

hydrophobic treatment with chemical vapor deposition method.3 The 

photocatalytic activity of TiO2 decomposes the fluorocarbon hydrophobic layer 

after UV illumination(shsans), we design the mask vertex line part to 

transparent. After UV illumination, the hydrophilic vertex pattern produced in 

hydrophobic film. We invesigated the size of hydrophilic pattern and film 

thickness. The size of vertex hydrophilic pattern after dyed with methylene blue 

dye, measured ~200 m by optical microscopy (Figure 2.1 (b)) and the 

thickness of film was ~ 6m with nano roughness on top layer (Figure 2.1 (c)). 

We also checked the wetting properties of hydrophobic and hydrophilic parts. 

In hydrophobic region, the static contact angle, advancing contact angle and 

receding contact angle were ~140o, ~152o and ~124o, respectively. (Figure 

2.1(d)) In hydrophilic region, the static contact angle, advancing contact angle 

and receding contact angle were decreased to ~10o, ~27o and pinned, 

respectively. 
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Figure 2.1. (a) The schmetic illustration of the procedure for the fabrication of 

the hydrophilic chemical patterns in hydrophobic surfaces. (b) The optical 

microscopy images of hydrophobic film with vertexed hydrophilic dual line. 

The hydrophilic part was dyed with methylene blue. (c) The cross-sectional 

SEM imagens of film. The static contact angle, advancing contact angle and 

receding contact angle of water droplet on hydrophobic region (d) and 

hydrophilic region (e). 
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2.3.2. Drop Impacting on Asymmetric Hydrophilic Patterned 
Surfaces 

Figure 2.2 (a) illustrates directional bouncing toward the vertex when droplet 

impacting on asymmetric hydrophilic patterned surface. We defined the 

parameters to analysis this phenomena. First, we fixed the impacting height to 

10cm and the size of droplet to 2.2 mm resulting in fixed Weber number as 53. 

In this case, the maximum spreading diameter also fixed about 5.2 mm when 

the droplet impacting on hydrophobic surfaces. We set the vertex angle(α) and 

offset(d, impacting distance from the vertex) as experimental variables. Note 

that we controlled the variables for avoiding the following two conditions, the 

droplet only the left part contact the hydrophilic line at maximum spreading or 

no contact cases as expressed in Figure 2.2 (b). 

Figure 2.3 shows the squence of the drop impacting on surfaces. When the 

droplet impacting on flat surface, the droplet spreads, retracts and only 

vertically upward rebounds off from the surface.(Figure 2.3 (a)) However, 

when the droplet impacting on asymmetric hydrophilic patterned surface, the 

droplet directinality bounce off toward vertex due to the pinning effect of 

hydrophilic line and the degree of directionality was changed by the angle and 

offset. We investigated the degree of directionality by check the moving 

distance which defined the distance from impacting center to final postion. 

When the α=45o and d=5mm, the droplet directly bouncing to vertex and the 

final moving distance was 5mm.(Figure 2.3 (b)) When the α=30o and d=5mm, 

only changed the vertex angle, the final moving distance also same as 5mm but 

the droplet moved toward vertex by two steps. The droplet first moved 3mm 

througn bouncing and 2mm through sliding.(Figure 2.3(c)) When the α=30o and 

d=6mm, only change the offset, the bouncing distance and moving distance also 

increased. (Figure 2.3(d)) To compare the degree of directionality, we defined 
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and quantified the bouncing distance and final distance in Figure 2.4 (a). Figure 

2.4 (b) shows the graph of quanfitied the degree of directionality as a function 

of offset. First, we found that the final distance increased as the angle of vertex 

increased 30o to 45o. In addition, as the offset increased, the final distance also 

increased for both angles. However, the droplet movement differed for each 

angle. The droplet directly bouncing to vertex and no further movement for 45o 

cases. As a result, the bouncing distance and final distacne almost same. In 

contrast, the droplet bouncing toward the vertex and moved to vertex by post 

sliding for 30o cases and only sliding occurred at offset 4mm.  
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Figure 2.2. (a) The schmetic illustration of directional bouncing after impacting 

on asymmetric hydrophilic line(red) (b) The defined experimental variables for 

experiments. 
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Figure 2.3. The sequence of drop impacting moment: (a) flat(without patterns), 

(b) α=45o, d=5mm, (c) α=30o, d=5mm and (d) α=30o, d=6mm 

 

 

 

 

 

 

 

 

 

 

 



２８ 

 

 

 

 

 

 

 

 

Figure 2.4. (a) The definition of bouncing distance(X1) and final distance. (b) 

The degree of directionlatiy of droplet moving as a function of offset.  
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2.3.3. Mechanical Analysis  

We investigated how the vertex angle and offset affected to degree of 

directionality. When the droplet retracted after impacting on asymmetric 

hydrophilic dual line, asymmetric retracting occurred due to the pinning effect 

of hydrophilic patterns. The top view high-speed images of the droplet 

impacting process from retracting to bouncing off shows in Figure 2.5. The red 

dash lines represent the hydrophilic line and we defined the pinning point when 

the droplet meet the end of the hydrophilic line at maximum spreading (red 

point). During the retracting, the droplet retracted toward impacting center 

without hydrophilic pattern portion, however, we observed the hydrophilic line 

interrupted the droplet toward center. As a result, the droplet moved along the 

hydrophilic line (red dash line) rather than retract toward center and gathered 

at the center of the hydrophilic line at 8.8ms marked yellow spots in Figure 2.5 

(a) which was shifted left from the impacting center. We set the shifted distance 

as B1. After that, the droplet which was gathered in the yellow spot started to 

retract toward the center and lift off when the droplet detached from the yellow 

spots. (Figure 2.5(b)) 

 We compare the geometrical and experimental value of B1. Figure 2.6 

illustrates the geometrical model of the droplet at maximum spreading moment. 

For the symmetric dual line, the center of pinning point (i.e. yellow spot) in not 

shifted (Figure 2.6 (a)), no directional bouncing occurred. However, in 

asymmetric pattern, the yellow spot shifted left from the center. (Figure 2.6 (b)) 

And the value of B1 expressed based on geometrical model follows: 

 

𝐵 = cos 90 − 𝑑𝑠𝑖𝑛( )             (1) 
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where α is vertex angle and d is offset distance. The B1 varies with vertex angle 

and offset distance, we calculated the values for each cases and compare them 

to the values obtained from the experiment expressed in Figure 2.6 (c). We 

found that the experimental and theoretical values of B1 differ little, and the 

degree of directionality was determined by them. 
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Figure 2.5. The top-view images of retracting momoent impacting on 

hydroplilic patterned surfaces. The red dash lines indicate the hydroplilic line. 
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Figure 2.6. The geometrical analysis of droplet contact with hydrophilic pattern 

at maximum spreading moment on (a) symmetric dual line and (b) asymmetric 

dual line. (c) The plot of B1 values obtained geometrical model and experiment 

as a function of offset.  
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2.4. Conclusion 

In summary, we develop the method to control the droplet movement when 

the droplet impacting the surface. We desinged the asymmetric dual 

hydrophilic line, i.e. vertex pattern and the droplet rebounded toward the vertex 

after impacting on the vertex pattended surface due to the asymmetric pinning 

force. The degree of directionality was affect by the control factors, vertex 

angle and offset, and the shift factor determined the degree of directionality. 

When the vertex angle and offset were increased, the droplet moved further 

toward the vertex. We expect this work can provide a proper guide for 

understanding drop impacting process in asymmetric hydrophilic patterns and 

strategy to control the droplet behaviors in applications such as droplet 

transportation, collecting droplets, ink-jet printing, etc. 
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Chapter 3. Control of Surface Cracks by Stress 
Localization Induced Micropatterns 

 

3.1. Introduction 

Cracks are common in nature, such as in mud, paint, ceramics and skin.49-52 

They generally produce irregular forms, as they are generated by releasing 

stresses originating from volume shrinkage during a drying process.53, 54 Many 

experimental and theoretical studies have been conducted to understand crack 

mechanisms55-57 and to control their shapes58 or patterns59-61. For instance, 

irregular fragment areas have their own patterns, such as spiral cracks, and are 

functions of the film thickness62-64 and humidity65 in cracks formed during 

drying. Previous works found that the film thickness mainly influenced the size 

of the fragments, and the relationship between the thickness and the cracked 

area has been studied experimentally66, 67 and theoretically68, 69 and by 

simulations70. For instance, the methods were used to predict paint film 

thicknesses in ancient paintings71 or to understand desiccation patterns in 

sessile blood drops72. However, the cracking system used in previous papers 

required an image analysis program to obtain the width due to the random 

fragmentation size in polygon form. 

  In this study, we propose a crack manipulation strategy on mesoporous TiO2 

micro-patterned structures by employing a soft imprinting technique with a wet 

TiO2 nanoparticle (NP) paste film, leading to the isolation of single, well-

defined structure. Previously, the soft imprinting method on wet TiO2 NP paste 

films has been reported for the fabrication of hierarchical mesoporous TiO2 

patterns. 3, 73 From this method, a thin TiO2 paste film (20 ~ 50 µm thick) coated 
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on a substrate was imprinted with micro-patterned soft polydimethylsiloxane 

(PDMS) molds, followed by sintering at ~ 500 ºC. The TiO2 NP paste contained 

TiO2 NPs mixed with solvents and organic binders. Therefore, during the 

sintering, all the organics were thermally decomposed and the volume of the 

total body significantly shrunk. In particular, the volume shrinkage of the 

patterns with sharp-edged structures (e.g. prisms and pyramids) imposed local 

mechanical stresses at the edges. The degree of residual stress was determined 

by the thickness of residual layers under the patterned structure, such that cracks 

start to propagate when the thickness of the residual layer is above a critical 

thickness. In addition, the effects of nanoparticle (NP) size of TiO2 pastes as 

well as the heating rate on the crack mechanism were investigated. Those 

experimental results were all in good agreement with the previous literatures 

studying the effects on particle size and evaporation rate of crack propagation 

in drying colloidal films.74-80 

  Moreover, we establish a scaling relationship between the film thickness and 

fragment area by using pyramid structure case. The experimental results in this 

study indicate that the fragment area increases as the film thickness increases 

because the degree of cracking on tips (the valley between pyramids) is reduced 

by mitigating the stress concentration on tips in high thickness films. 

Interestingly, we could use a pyramid as a unit to accurately quantify the area 

of fragments by simply counting the number of pyramids in isolated fragments. 

Our experimental system was able to accurately calculate the fragmentation 

area without the image analysis program. We confirmed that there was little 

difference of the values calculated by the image analysis program. These results 

suggest that our experimental system provide a new platform to control and 

analysis the cracking phenomena.  
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3.2. Experimental Section 

Preparation of Micro-Patterned PDMS Molds. Prior to soft molding, 

patterned master structures (prisms and pyramids) were prepared by the 

micromachining technique. Replica molds were then made with UV-curable 

polyurethane acrylate (PUA, 301-RM, Minuta Tech) on PET films and 

polydimethylsiloxane (PDMS, Sylgard 184 silicon elastomer, Dow Corning) 

molds were thermally cured out of the PUA molds afterwards.30,31 The 

precursor to curing agent ratio of PDMS was chosen to be 10:1 by weight and 

the PDMS molds were fully cured at 80 °C for 8 hrs. 

 

Soft Molding on TiO2 NP Wet Pastes. The commercial wet pastes containing 

20 nm-sized and 250 nm-sized TiO2 NPs were purchased from Dyesol (DSL 

18NR-T and WER2-O, respectively). The wet NP pastes were uniformly coated 

on substrates by the doctor blade coating method and spacers of different 

thickness were used to controlling the film thickness. Patterned micro-

structures were fabricated by the soft molding with as-prepared micro-patterned 

PDMS molds which initially shaped the paste while drying the solvent at 60 °C 

for 10 min. After drying the solvent, the PDMS molds were detached from 

patterned solidified NP pastes and the molded pastes were subject to calcination 

at 500 °C for 20 min to decompose all the remaining organic components. 

Finally, isolated mesoporous TiO2 micro-structures were obtained with 

controlled cracks formed at the patterned edges in contact with the pastes. 

 

Control of TiO2 flat films thicknesses. A paste composed of 20 nm TiO2 was 

purchased from Dyesol (DSL 18NR-T). A wet, flat, thin film was fabricated by 
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a doctor blade coating method, and two different spacers (Kapton tape for 35 

μm and Scotch tape for 60 μm) were used to control the thickness. To make a 

uniformly thick film, we introduced a method of layering thin films one-by-one. 

A thin film was coated using one spacer and annealed at 60 °C for 90 minutes 

to evaporate approximately 40 wt% of the solvent to solidify the film. After 

that, the same procedure was repeated by increasing the number of spacers one-

by-one. The TiO2 film thickness was controlled by the number of spacers. 

 

Analyses. The scanning electron microscope images were characterized with a 

field emission scanning electron microscope (FE-SEM, JSM-6701F, JEOL) at 

an acceleration voltage of 10.0 kV.  

 

FEM Analysis. Finite element method (FEM) analysis of stress distribution 

was performed using COMSOL Multiphysics software. The behavior of elastic 

materials was governed by a governing equation of solid mechanics81 which 

was derived by the Newton’s second law with strain-displacement relation as 

follows: 

−𝜎 , = 𝜌�̈�          (1) 

𝜀 = (𝑢 , + 𝑢 , )  (2) 

where i and j indicate the direction of axes, (x, y, z) in the Cartesian system, the 

notation for 𝑋 ,  represents the derivative of property 𝑋 with respect to i, 𝜌 

is the mass density of material, 𝑢  and �̈�  indicate the component of 

displacement and acceleration in the j-axis, 𝜀  and 𝜎  are the strain and 

stress in the i-direction on the plan whose normal is j-axis. In order to describe 

the volume shrinkage for cracking which was caused by thermal decomposition 
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of organic binders during sintering step, as a load, the pressure, 𝑃 , exerted on 

the upper plane boundary was added. The boundary contacted a PDMS mold 

directly. 𝜙  is the fraction of NPs in the paste defined as 𝜙 =

𝑉 / 𝑉  + 𝑉 , where 𝑉  is the volume of all NPs, 

𝑉   = 𝑤𝑙(1 + 𝜀 )ℎ  is the volume of residual layer, and 

𝑉  = 𝛼 ⋅ 𝑤𝑙(1 + 𝜀 )ℎ  is the volume of the structure made by the 

PDMS mold. 𝑤 , 𝑙 , ℎ , ℎ , 𝜀 , and 𝛼  are the lateral length, horizontal 

length, initial height of residual layer, initial height of the structure, strain of 𝛽, 

and the structure coefficient (𝛼 = 1/2 for prism and 𝛼 = 1/3 for pyramid 

structure respectively). The strain of 𝛽 is expressed as 𝜀 = ℎ − ℎ /ℎ , 

where ℎ  is the final height of 𝛽. (𝛽 = 𝑟 for the residual layer and 𝛽 = 𝑠 

for the structure). Based on the assumption that NPs are non-deformable 

materials, when organic binders are fully decomposed, pressure loading is zero 

at 𝜙 = 1, because the volume of all the non-deformable NPs cannot be 

larger than the total volume of residual layer and structure21 after the sintering 

process. The external pressure 𝑃  is introduced to emulate the force caused by 

the volume shrinkage arising from thermal decomposition of organic materials 

during sintering step. The 𝑃  is defined based on the normalized capillary 

pressure45,46 which is suitable to examine the effect of remaining organics 

within inter-particle voids on drying behavior, such as consolidation and 

cracking; the external pressure 𝑃  is formed as follow: 

 𝑃 = 𝐶 ⋅     (3) 

where 𝐶 and 𝑛 are the arbitrary parameters for fitting 𝑃  accoring to 𝜙 . 

We chose 𝐶 = 2.5 × 10  𝑁𝑚  and 𝑛 = 2  based on experimental data. 

The external pressure has a rational form of fraction of NPs, 𝜙 , as shown in 
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Eq (3), and is exerted on the upper plane of the structure. Also, fixed boundary 

condition (𝒖 = 0) is set at the bottom planes attached to the substrate. The 

stress distribution was calculated continuously across the geometric domain by 

solving Eq. (1) developed for each of finite-elements with appropriate boundary 

conditions and initial conditions. The individual solutions over sub-domains are 

linked together to generate the unified behavior of the entire system taking into 

account the continuity at the adjacent elements.82  
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3.3. Results and Discussion 

3.3.1. Imprinting Effect on Crack Manipulation by Stress 
Localization Effect  

Figure 3.1(a) shows the schematic on the fabrication of isolated mesoporous 

structures by crack manipulation. Mesoporous micro-patterns were fabricated 

by the soft imprinting with an as-prepared micro-patterned 

polydimethylsiloxane (PDMS) mold in contact with a commercial wet TiO2 NP 

paste (18NR-T, Dyesol) film. Before coating the wet TiO2 NP paste, a thin TiO2 

film (~ 100 nm) was first prepared on a substrate to secure better adhesion 

between the substrate and mesoporous TiO2 patterns. Doctor blade coating 

method was employed to coat the TiO2 paste, followed by imprinting with a 

PDMS mold replicated from a master in a prism or pyramid shape (Figure 3.2) 

and annealing at 60 ºC to remove most of residual solvent, with pattern shape 

retained. The solidified micro-patterned paste was further sintered at 500 ºC to 

remove all the organics remaining in the paste. After then, mesoporous micro-

structure assembled from TiO2 NPs was finally obtained. During the sintering 

steps, thermogravimetric analysis (TGA) and scanning electron microscope 

(SEM) showed that ~ 30 % of weight and ~ 24 % of volume contraction took 

place (Figure 3.3). This volume shrinkage obviously causes internal stresses, 

particularly for the cases of inclined shape patterns such as prisms and pyramids, 

the internal residual stresses are concentrated at the sharp edges in contact with 

TiO2 NP paste films which, in turn, directly influence the crack generation. 

Figures 3.1 (b) and (d) are the SEM images of patterned TiO2 NP pastes after 

the first annealing step at 60 ºC, which were imprinted by prism and pyramid 

micro-patterns (25 μm and 30 µm width for prism and pyramid, respectively, 

with 45o inclination). Before sintering, imprinted patterns had crack initiation 
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tips generated at the sharp edges, but individual patterned structure was still 

connected (see high magnification images of Figures 3.1 (b) and (d) on the right 

hand side). It was observed that cracks were readily propagated during the 

sintering step by localized stress derived from volume shrinkage of the paste, 

and well-ordered cracks with 1 ~ 1.5 μm width clearly appeared along the 

valleys of both prism and pyramid patterns (Figures 3.1 (c) and (e)). 
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Figure 3.1. (a) A schematic illustration on the fabrication of isolated micro-

structures by crack manipulation. SEM images of prism- (b and c) and pyramid- 

(d and e) shaped micro-patterns from wet TiO2 NP pastes by soft imprinting, 

before (b and d) and after (c and e) sintering at 500 ºC for 20 min. Right-side 

of (b-e) are the high magnification images of valley regions of the patterns. The 

scale bars in the left-side and right-side images of (b-e) are 10 μm and 1 μm, 

respectively. 
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Figure 3.2. The Scanning electron microscopy (SEM) images of polyurethane 

acrylate (PUA) master molds of micro-prism patterns with (a) 10 μm, (b) 25 

μm, (c) 50 μm width and (d) pyramid-patterns with 30 μm width with 45o 

inclination. The scale bars indicate 20 μm. 
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Figure 3.3. (a) Thermogravimetric analysis (TGA) result of the TiO2 NP paste 

used in the present study. The SEM images of TiO2 NP paste layers coated on 

wafer by the doctor blading (b) before sintering (after annealing for solvent 

evaporation; organic binders and TiO2 NPs remained) and (c) after sintering at 

500 ˚C (only TiO2 NPs remained). The scale bars indicate 10 μm. 
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3.3.2. Degree of Stress Localization Effect in Film Thickness 

The crack location was determined by the shape of pattern molds used. In 

addition, we managed the crack propagation by varying the thickness of 

residual layers under the patterned structure, which was determined by the 

initial film thickness coated by the doctor blade coating. Since the stress at the 

pattern edge is generated by the volume shrinkage in the film thickness 

direction, the degree of localized stress increases with the increase in residual 

layer thickness. It has previously been studied that the critical strain (εc) 

required to generate a crack across a film is proportional to (1/h)0.5, where h is 

the film thickness.83 Figure 3.4 shows the pyramid patterns with different 

residual layer thickness. When the residual layer thickness is lower than 1 μm, 

cracks do not propagate at the patterned edge due to insufficient localized stress 

(Figure 3.4 (a)). However, cracks start to form at the edges of pyramid patterns 

with ~ 1.5 μm thick residual layer (Figure 3.4 (b)) and it was further shown that 

the pyramidal patterns with residual layers above 5 μm produce pronounced 

cracks at the contacting edges (Figures 3.4 (c) and (d)). From our observations, 

the critical cracking thickness of residual layer of pyramids is 1.4 ± 0.2 μm. 

This effect of residual layer thickness on crack propagation was also studied 

with the finite element method (FEM) analysis (See the simulation section). 

The simulation results in Figure 3.4 (e) showed that the stress was localized or 

concentrated at the valleys of pyramid patterns and the stress localization in the 

pyramids is more pronounced with thicker residual layers. Also, we found the 

same tendency of stress localization for cracks generated on prism patterns 

(Figure 3.5). We also note that the delamination off the substrates occurs after 

cracks first start to propagate into the valleys of the patterns and finally reach 

the substrates, as shown in Figure 3.4 (for pyramids) and Figure 3.5 (for prisms). 

Note that the current FEM simulations only give insight on the stress 
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concentration for the patterned layers. However, it is expected that the stress 

will dramatically change when the fracture propagates. In order to fully 

incorporate the fracture propagation, more elaborate simulations are needed 

taking into account the stress intensity factor or the energy release rate in a 

geometry where the fracture propagates. 
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Figure 3.4. The cross-sectional SEM images of mesoporous micro-pyramid 

patterns with different thickness of residual layers: (a) 1 μm, (b) 1.5 μm, (c) 5 

μm, (d) 10 μm. The scale bars indicate 1 μm. (e) The stress distribution, 

simulated by FEM, on patterned pyramids with different residual layer 

thickness as a result of volume shrinkage of the pastes during sintering step. 
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Figure 3.5. The cross-sectional SEM images of mesoporous prisms with 

different thickness of residual layers: (a) 1 μm, (b) 1.8 μm, (c) 5.1 μm, (d) 10.6 

μm. The scale bars indicate 1 μm. (e) The stress distribution, simulated by FEM, 

on the patterned prisms with different residual layer thickness as a result of 

volume shrinkage of TiO2 pastes during the sintering step. 
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3.3.3. Effect of Temperature on Crack Propagation  

We investigated the effect of sintering temperature (Figure 3.6). Patterned 

samples were heated up to different temperature, 150, 250, and 350 oC, and 

maintained for 2 hrs. We note that micro-patterns were connected each other 

when they were sintered at 150 oC (Figure 3.6 a-c) while cracks started to 

propagate by the degradation of organics over 250 oC (Figure 3.6 d-f) and the 

patterns were isolated each other. However, the color of the film was still 

yellowish (see Figure 3.6 (d)) indicating that the organic binders was not fully 

decomposed at 250 oC. When we increased the sintering temperature above 350 

oC, all the organic components in the TiO2 pastes were decomposed and the 

yellowish color finally disappeared (Figure 3.6 (g)). In this study, in order to 

guarantee the complete sintering of NPs, we sintered the samples at 500 oC. We 

also assumed that the temperature was uniform across the entire micro-

structures. This argument is reasonable because the structures in the present 

study are only few microns thick with reasonably high thermal conductivity 

(kTiO2: 4 ~ 12 W/mK). When we use the criterion of Biot number (Bi ~ hL/k 

where h is the convective heat transfer coefficient (10~1000 W/m2K), L is the 

characteristic length (~ 10 m), and k is the conductivity of the solid (kTiO2: 4 ~ 

12 W/mK)), the Bi number in our case is below unity, indicating that the TiO2 

micro-structures have uniform temperature distribution. 
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Figure 3.6. The photographs (a, d, and g) and SEM images of top (b, e, h) and 

cross-section (c, f, i) of mesoporous TiO2 prisms prepared by sintering at 

different temperature for 2 hrs: (a-c) 150 ˚C, (d-f) 250 ˚C, (g-i) 350 ˚C. The 

scale bars indicate 1 μm and the size of wafers in the photographs is 2cm x 2cm. 
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3.3.4. Effect of Particle Size and Heating Rate on Critical 
Cracking Thickness(CCT)  

We investigate the effect of NP size of TiO2 pastes on the crack propagation 

in the patterned structures. We have employed three different TiO2 pastes 

containing 20 nm in diameter, 250 nm in diameter, and 1:1 (w/w) mixture of 

each NP. After sintering the pyramid-patterned pastes containing 20 nm NPs, 

cracks were clearly visible (Figures 3.7 (a) and (d)). However, by increasing 

the average size of NPs, cracks were less opened and no cracks were eventually 

observed in the pyramid patterns with 250 nm NPs (Figures 3.7 (c) and (f)). 

These results are qualitatively in good agreement with the previous literature 

dealing with drying hard colloidal films, showing that the critical cracking 

thickness (hmax) scales with the radius of particles (R) as hmax ∝ R3/2.75-77 

Moreover, we could control the crack propagation by manipulating the heating 

rate. There have been reports on the control of crack propagation in drying 

colloidal films by the rate of solvent evaporation.74, 78-80 Inspired by the previous 

reports, we performed the sintering experiments with different heating rate, 2, 

10, 20, and 40 oC/min, to clarify the effect of heating speed (which is, in turn, 

related to the speed of evaporating organic binders or solvents). As shown in 

Figure 3.8, higher heating rate intensifies the stress localization in the valleys 

of the patterns, causing easier isolation of the patterns. 
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Figure 3.7. The top and cross-sectional SEM images of mesoporous TiO2 

pyramids with different size of NPs, 20 nm in diameter (a and d), 1:1 mixture 

of 20 and 250 nm (b and e), and 250 nm in diameter (c and f). After sintering 

the pyramid-patterned pastes containing 20 nm NPs, cracks were clearly visible. 

However, crack opening is not pronounced in the case of a mixture of two 

different NP size and no cracks were even initiated in the pyramid patterns 

containing 250 nm NPs. The scale bars indicate 10 μm. 
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Figure 3.8. The cross-sectional SEM images of mesoporous TiO2 prisms heated 

to 500 C with different heating rate: (a) 2 C/min, (b) 10 C/min, (c) 20 C/min, 

(d) 40 C/min. It is noted that the increase in the heating rate intensify the stress 

localization in the valleys of the patterns, causing easier isolation of the patterns. 

The scale bars indicate 5 μm 
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3.3.5. Analysis of Crack Fragment Phenomena above the 
Critical Film Thickness  

Figure 3.9 (a) shows a schematic illustration of crack fragmentation as a 

function of film thickness. During the calcination process, the activation degree 

for the tips to generate cracks was affected by the film thickness, although all 

the cracks dominantly propagated from the tips. When the film thickness was 

low, the micropyramidal fragments were each separated by controlled cracking 

(Figure 3.9 (b)) because cracks propagated at all tips. When the thickness was 

high, however, cracks propagated only at some of the tips, and large fragments 

were generated. (Figure 3.9 (c)). While the colloidal film was being dried, 

solvent-air menisci created capillary pressure on the top of the film during 

solvent evaporation. At the same time, volume shrinkage of the film occurred, 

and deformation led to the development of tensile stresses in the film. These 

tensile stresses were released by generating cracks when the film thickness 

exceeded the critical cracking thickness.84-86 Note that we performed the 

experiments under two conditions. First, a thin TiO2 film (~100 nm) was coated 

on the wafer as an adhesion promoter between the silicon wafer and TiO2 pastes 

to reduce the delamination effect during cracking. Second, we coated TiO2 

paste multiple times to obtain a high thickness to ensure film uniformity. When 

we tried to coat a thick film (thicker than 20 m) at one time, the thickness in 

the edge area was much higher than that in the center region. We coated a thin 

TiO2 layer with a doctor blade and removed the solvent at 60 C for 90 minutes 

without placing a PDMS mold on the paste. We added a spacer to increase the 

thickness, and then we applied a TiO2 paste coating again. We repeated the 

process to obtain the desired thickness. 
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Figure 3.9. (a) A schematic illustration of controlled crack manipulation by the 

soft molding of pyramidal structures. Schematics and cross-sectional SEM 

images of TiO2 square pyramids after cracking with films of different 

thicknesses: (b) single pyramids isolated after cracking when the residual 

thicknesses are thin (~12 μm) and (c) clustered pyramids isolated after cracking 

when the residual thickness is thick (~34 μm). The scale bars represent 10 μm. 
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As reported by previous researches, the crack fragments size differs depending 

on the film thickness, however, their experiment system was limited to 

reproduce mud cracks consisting of random size of polygons. We first 

investigated the differences between previous experimental system, i.e only flat 

film without crack initiation tips and our experimental system with crack 

initation tips consisting of square pyramid patterns in film. Figure 3.10 (a-d) 

shows the experimental results of the fragmentation without crack initation tips 

for different TiO2 film thicknesses. We converted each SEM images(left) to 

black-and-white representation of fragments and cracks (right) using ImageJ 

program. When the film thickness was ~12 m, no crack observed in films after 

eliminate the whole organics in film.(Figure 3.10 (a)) The flat film was cracked 

and divided into several small polygons with film thicknesses of ~25 

m.(Figure 3.10 (b)) And the size of polygon was increased as the film 

thickness incracsed to ~46 m(Figure 3.10 (c)) and ~75 m(Figure 3.10 (d)). 

The average sizes of each film thickness were 15563.1±8361.2m2, 41861.8±

26833.5m2 and 123096.9± 93660.9m2, respectively. Due to the crack 

initiation tips in film, crack network was formed by horizontal or vertical 

direction of cracks in our experimental system and each fragments were made 

up of unit square pyramid. Figure 3.10 (e-f) show the formation of cracks and 

fragments in different film thickness, which is similar to lattice model. When 

the film thickness was ~12 m, every tip (the valley between pyramids) 

propagated to create cracks during the calcination step to divide pyramids one 

by one (1 x 1 blocks) (Figure 3.10(e), Figure 3.11(d)). This shows the difference 

between the presence or absence of pyramid patterns in film at similar film 

thickness that no crack was observed in flat film. Interestingly, as the film 

thickness increased (12 ~ 20 μm), the crack tips selectively propagated, and 
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pyramid blocks started to cluster increasing area (Figure 3.11(e)). We named 

this thickness ‘CCT’(critical clustering thickness). Through CCT, we were able 

to guess which thickness was triggered to increase fragment area, which was 

impossible for flat films. By increasing film thickness to ~26 m(Figure 3.10 

(f)), ~47 m(Figure 3.10 (g)) and ~78 m(Figure 3.10 (h)), the more unit 

pyramids were clustered together, the fragmented area was increased. Although 

the crack tips in film, some cracks were propagated randomly in other parts of 

the initiation tips when the film thickness was over about 47 m(red arrow in 

Figure 3.10 (g, h)). In drying colloidal film, previous research showed that the 

strain energy in film during the crack generation is related to the film thickness. 

The energy is proportional to the film thickness and it released by generating 

cracks. In thick thickness, the strain energy remained after crack propagated at 

crack initiation tips, we guess the rest of energy released randomly forming 

crack network.  

 To quantify the fragment area, we obtained each area of fragments by using 

image analysis program. The relationship of film thickness and fragments area 

is represented in Figure 3.12 (a) The log-log plot of the square root of the 

average fragment area ( √A ) and the film thickness (h) showed a linear 

relationship as follows: 

√A ≈ 𝐾ℎ     (1) 

Several experimental and simulation results have been reported for the same 

scaling relation with a slope of 166 (green line in Figure 3.12(a)). We plotted 

our results to compare previous report and our results showed the same trend 

as that in previous works both flat and pyramid cases. Meanwhile, previous 

reports have limitations in which the area cannot be quantified without an image 

analysis program because the size of fragments were random. Our system using 
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pyramid structures has the advantage that all fragments consist of a pyramid as 

a unit cell, and we suggest the new method to obtain the area simply by counting 

the number of pyramids in the fragment without image analysis program. For 

example, to calculate the area of the fragments marked by the yellow dash line 

in Figure 3.12(b), the area obtained by multiplying the unit pyramid 

area(~650.25m2) by the number of pyramids comprising the 

fragments(consisting of 15 pyramids). The distribution of number of pyramids 

that make up the fragments shows in Figure 3.12 (c) ~27 m, (d) ~47 m and 

(e) ~78 m. We confirmed that there is no difference by comparing the values 

obtained through image analysis method(Figure 3.12(a) red symbol) and 

counting pyramid method(Figure 3.12(a)  blue symbol) by plotting. Therefore, 

we proved that our proposed method obtained the fragment area accurately 

without image analysis program.  

 In addition, we investigated the relationship between the gap width of the 

crack (D) and the film thickness. The scanning electron microscopy (SEM) 

images of Figure 3.13 (a-c) show that the crack width increased as the different 

film thickness (a) ~12 m, (b) ~27 m and (c) ~78 m in pyramid patterned 

film. In a previous study, Smith found that the relationship between the 

thickness and the crack distance was linear with the slope () and that the slope 

() was dependent on the substrate modulus.61 By quantifying our experimental 

data, it was found that the relationship between the thickness and crack distance 

was linear with a slope of 1 in both films with or without crack initiation tips, 

which is in good agreement with the scaling law, D ≈ ℎ. 

 Finally, we used the features of our system to derive the relationship between 

the crack width and the number of clustered pyramids. We assumed that the 

width of a square pyramid is ao, and the number of pyramids is N before 
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cracking. As the solvents evaporate, the width of the pyramid shrinks to a, 

resulting in a new crack width of D. Therefore, the relationship between the 

crack distance (D) and the number of clustered pyramidal cells (N) is as follows: 

𝑎 √𝑁 = 𝑎√𝑁 + 𝐷    (2) 

                                 (3) 

 

In our system, the strain indicates the volume shrinkage of the film during the 

drying process, which is constant for all thicknesses. We set the constant strain 

value when the pyramid is split into one by one. The graph in Figure 3.13(e) 

shows that our experimental data are in good agreement with the constant line.  
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Figure 3.10. The SEM images of TiO2 flat and square pyramids after cracking 

of the films in different residual layer thicknesses: for flat (a) ~12 μm, (b) ~25 

μm,  (c) ~40 μm and (d) ~75 μm, for pyramids (a) ~12 μm, (b) ~26 μm,  (c) 

~47 μm and (d) ~78μm. The figure on the right is a transformation of an image 

using the image analysis program. 
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Figure 3.11. SEM cross-sectional images of micropyramid patterns with 

different residual layer thicknesses: before sintering (a, b, c) and after sintering 

(d, e, f). The scale bars are 10 μm 
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Figure 3.12. (a) The log-log plot of fragment areas (√𝐴) with film thicknesses 

(h). The green lines show the theoretical slope of 1. (b) Conceptually suggest 

the method of calculating the fragment area. The histograom of distribution plot 

of the number of pyramids that make up the fragment in different thickness: (c) 

~26 μm, (d) ~47 μm and (e) ~78μm. 
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Figure 3.13. The SEM images show the distance between crack fragments 

fragment in different thickness: (a) ~26 μm,  (b) ~47 μm and (c) ~78μm. (d) 

The log-log plot of the distance between pyramids after cracking as a function 

of the residual layer thickness. The green lines show the theoretical slope of 1. 

(e) Plot of D/√𝑁 for various residual thicknesses 
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3.4. Conclusion 

In conclusion, we controlled the cracks on mesoporous micro-structures 

generated by stress localization. The cracks were initiated by soft imprinting 

with micro-patterned (prisms and pyramids) PDMS molds and further 

propagated by concentrated stress due to the volume shrinkage of the structure 

upon sintering of TiO2 pastes. We demonstrated that the degree of stress 

localization was controlled by the thickness of residual layers, NP size, and 

heating rate. The well-defined cracks propagated along the valleys of patterned 

micro-structures led to separate mesoporous TiO2 micro-structures. Moreover, 

we investigated the pattern of crack fragments above the critical cracking 

thickness. Under low film thickness conditions, crack propagation occurs at all 

tips, resulting in single, separate pyramids; however, the pyramids started to 

cluster to form large fragments as the film thickness increased because the 

degree of cracking on the tips was reduced. This system has the advantage that 

all fragments consist of a pyramid as a unit pixel, and we experimentally 

reproduced a phenomenon that was only possible by simulations. We obtained 

the area of fragment by counting the number of pyramids without any image 

analysis program and confirmed that there was same results of the values 

calculated by the image analysis program. Our cracking system in this paper 

provide a useful method for analyzing crack phenomena. 
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Chapter 4. Tiled Microblocks Obtained on Crack 
Template with Substrate Patterns  

 

 

4.1. Introduction 

Every material exhibits its own deformation characteristics when it is under 

the influence of thermal, mechanical, and/or intrinsic residual stresses. Under a 

compressive or a tensile stress, soft materials are spontaneously deformed into 

wrinkles or folds87-92, whereas hard brittle materials are typically fractured or 

cracked in an effort to find a stable equilibrium.74, 93-95 In many cases, those 

deformations are generated randomly and considered as defects, which are 

avoided to realize homogeneous and durable structures.96-98 Nevertheless, there 

have been much effort to exploit such deformations on various soft materials, 

e.g. wrinkles and folds, for valuable applications such as tunable microlenses99, 

100, transistors101, piezoelectrics102 and photovoltaic cells103, 104. One of 

deformation modes for hard materials, a ″crack″, is more difficult to manage 

than for soft materials due to its random generation and great complexity. 

Therefore, crack generation has been studied to understand its mechanism and 

to control cracking.75-77, 105-107 Recently, cracks on various hard, inorganic 

materials have been controlled on different length scales by using micro-tips108 

or -notches109. In addition, the use of cracks have been well demonstrated for 

many scientific applications such as a multi-functional sensors110 or nano-

patterning111 with facile and economically viable processes.  

 In this work, we study the substrate effect to control the size of crack 
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fragmnets. The dimension of prepattern was designed to adjust the size and 

shapes of crack fragments. We use the soft imprinting method on a wet TiO2 

paste to form a pyramidal shape in a film to form crack intitaion tips and these 

tips selectively propagate affected by substrate patterns. Line or pillar substrate 

have different depths in the substrate induces easily contracting in deep regions 

where the mass of TiO2 was increased between the line or pillar resulting in 

changing crack initiation tip angles. As a result, the stress was concentrated 

between the pillars tips with a sharper angle resulting in crack propagation. The 

fragments can be controlled desired sizes depending on the prepattern design. 

Cracks along the valleys of mesoporous TiO2 micro-patterns led to the isolation 

of single structures. Those isolated structures could be detached from substrates 

when they were produced on the low adhesive substrates. The cracks formed 

‘Brownie’-like micro-pyramids on a substrate. Each isolated micro-pyramid 

could also be detached from the substrate by sonication or gentle N2 blowing 

and readily dispersed in solvent as single particles consisting of TiO2 NPs (i.e., 

mesoporous pyramidal TiO2 micro-particles) which can be applied to various 

electrochemical applications, e.g. photocatalysts112, 113 and supercapacitors114. 

For more than a decade, mesoporous particles have received great attention due 

to its functionalities and good processability.115-117 Most mesoporous particles 

have been prepared by solution processes which are hard to control porosity 

and difficult to tune size uniformly. However, this preparation concept of 

mesoporous micro-tiles based on the crack manipulation is straightforward, 

porosity tunable, and makes it possible to realize uniform size with one 

imprinting step. From this standpoint, we believe that proper crack control in 

mesoporous micro-structure prompt diverse scientific research with the simple 

and economic process. Furthemore, the results suggest that the substrate effect 

can precisely control crack fragmentation and provide a new platform to 
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produce mesoporous multifunctional microblocks of various sizes, which can 

be separated after using them. 
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4.2. Experimental Section 

Fabrication of Patterned PDMS Molds. The pyramid patterned master mold 

prepared by a micromachining technique and the patterned (line and pillars) 

silicon master mold fabricated by conventional photolithography were used as 

the basic molds. Homogeneous mixtures of the multifunctional acrylated 

prepolymer and acrylate-functionalized polysiloxane (PUA, MINS 301 RM) 

were poured onto the master mold, and a short UV exposure (~10 s) was applied 

through transparent poly(ethylene terephthalate) (PET) films to prepare replica 

molds. The precured PUA replica was carefully detached from the master mold, 

and a post-UV treatment was applied for 2 hours to fully cure the PUA surfaces. 

The PDMS (Sylgard 184 silicon elastomer, Dow Corning) prepolymer mixture 

with a weight ratio of 10:1 (precursor:curing agent) was poured onto the PUA 

replica master and thermally cured at 80 °C for 6 hours. After full curing, the 

PDMS was cut into patterns to obtain each mold. 

 

Preparing Solidified TiO2 Prepatterned Substrate. A TiO2 pillar and line-

patterned film was fabricated by soft imprinting with as-prepared 

micropatterned PDMS molds. The PDMS mold was stamped onto the wet flat 

film, and the pattern was formed initially while evaporating the solvent at 60 °C 

for 20 minutes. After evaporating the solvent, the PDMS mold was detached 

from the film, and the solidified and patterned TiO2 film was obtained. 

 

Generation of crack initiation tips and cracking in the TiO2 film. The new 

wet paste was uniformly applied with the doctor blading method over the 

prepatterned substrate. Similar to the previous method for fabricating the 

patterned film, a PDMS mold with a pyramid pattern was stamped onto the wet 
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film and detached after drying at 60 °C for 30 minutes. The film was sintered 

at 500 °C for 20 minutes with a controlled heating rate to decompose all the 

remaining organic binders. Finally, controlled cracks were formed at the 

patterned edges depending on the conditions. 

 

Fabrication of microblocks with magnetic properties and controlled 

porosity. We mixed NPs or magnetic particles (Fe2O3) of different sizes to 

produce a variety of functions, such as different surface areas or magnetic 

properties. These pastes were used in each process to fabricate prepatterns or 

pyramid patterns to result in multilayer films. The bottom layer (A) consisted 

of 20 nm TiO2 NPs and an 8 wt% magnetic NP mixture that was approximately 

6 μm thick to produce magnetic properties. The middle layer (B) corresponding 

to the prepattern consisted of 20 nm TiO2 NPs, and the pyramid layer consisted 

of mixtures of different sizes of NPs, such as 20 nm/250 nm 1:1 wt %. Each 

layer can be added or subtracted as needed, so these results show that it is 

possible to fabricate homogeneous or heterogeneous fragments according to the 

proposed method. 

 

Mass production of Mesoporous Microblocks. The mesoporous TiO2 

microblocks were fabricated from the isolated TiO2 mesoporous micro 

pyramids on wafer. The microblocks were detached from wafer as micro-

particles by sonication in ethanol for 3 ~ 5 sec. To coat a thin additional TiO2 

layer that enhanced the mechanical stability of NP networks, the substrates 

containing micro-pyramids were dipped in 40 mmol of TiCl4 solution at 70 ºC 

for 30 min and gently rinsed with deionized water, followed by sintering at 500 

ºC for 30 min. The patterned micro-pyramids were dipped in ethanol and 
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sonicated for 3 sec. The micro-pyramids were easily detached from the 

substrate and dispersed in ethanol as mesoporous TiO2 micro-particles. 

 

Characterization. The film thickness and crack formation were analyzed by 

SEM with a field emission scanning electron microscope (JSM-6701F, JEOL) 

at an accelerating voltage of 10.0 kV. To study the pore characteristics of 

mesoporous TiO2 structures, a Micromeritics ASAP 2000 system with nitrogen 

adsorption and desorption was used. 
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4.3. Results and Discussion 

4.3.1. Crack Manipulation Induced by Substrate Effect 

We introduced a method of controlling fragmentation sizes by cracking on 

patterned surfaces based on the dependence of the film thickness on cracking. 

Figure 4.1 (a) shows a schematic illustration of the procedure that the crack 

fragment patterns affected by substrate effect. First, we prepared a line and 

pillar consisting of solidified TiO2 NPs by soft imprinting with as-prepared 

inverted line or hold PDMS molds. The PDMS mold was stamped onto the wet 

flat film, and the pattern was formed initially while evaporating the solvent at 

60 °C for 20 minutes. After evaporating the solvent, the PDMS mold was 

detached from the film. The dimension of prepattern defined in Figure 4.1 (b) 

and the SEM images of solidified TiO2 prepattens show in Figure 4.2. The 

width (W) and spacing (S) of the prepattern were designed to be multiples of 

the width of a pyramid. (for example, the pyramid width was 30 μm, and the 

periods of the prepatterns were 30, 60, 90, and 120 μm) The new wet paste was 

uniformly applied with the doctor blading method over the prepatterned 

substrate. Similar to the previous method for fabricating the patterned film, a 

PDMS mold with a pyramid pattern was stamped onto the wet film and 

detached after drying at 60 °C for 30 minutes. Then the film was sintered at 

500 °C for 20 minutes, the cracks were 1D controlled over line prepattern and 

2D controlled over pillar prepatterns.  

We employed three different prepatterns: flat, line (W: 30 μm, S: 30 μm), and 

pillar patterns (W:30 μm, S;30 μm) to determine the substrate effect on cracking 

of the pyramid structures. On the flat pattern, randomly sized fragments were 

generated by isotropic cracking. (Figure 4.3 (a)) On the line pattern, cracks were 

controlled along the line patterns and randomized between the lines (Figure 4.3 
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(b)). On the pillar pattern, however, the cracks were controlled both 

horizontally and vertically, resulting in the generation of 2 x 2 fragments 

consisting of four pyramids. (Figure 4.3 (c)) We controlled the fragmentation 

to produce rectangular forms consisting of m x m (m=2~5) pyramids by 

changing the width and space of the prepatterns. The prepatterns used for 

fragment control are summarized in Table 4.1 and Table 4.2. 

Figure 4.4 (a) shows the effect of substrate in controlling cracks. The crack 

initiation tips were formed after imprinting micropyramid patterns on the 

prepatterns. In the dimension of prepattern’s width and spacing were 30 m, 

which is the same width as the pyramids, the crack initiation tips could be 

imprinted alternately on a line or pillar (blue arrow) and between two lines or 

pillar (red arrow). After detaching the mold, the angle of iniation tips (Ɵ) 

between the solidified micropyramids is determined by the slope of the inversed 

pyramid PDMS mold. However, with a substrate effect, the angle of the tip on 

the line (α) is increased, while that of tip between the lines (β) is decreased 

compared to Ɵ because deep regions easily contract, where the mass of TiO2 

was increased. As a result, the stress was concentrated between the pillars (red 

arrow positions) tips with a sharper angle resulting in crack propagation.  

To investigate the degree of the changed angle of each initiation tips, we used 

20 nm TiO2 NPs to prepare prepatterns and a 1:1 (weight/weight) mixture of 20 

nm and 250 nm NPs to fabricate pyramid structures to check the interface 

between a prepattern and a pyramid after annealing step(yellow dash line in 

Figure 4.4 (b) and (c)). First, we obtained the angle of tips was 92.5±1.3o 

without substrate effect measured by SEM images.(Figure 4.4 (b)) Figure 4.4 

(c) is a cross-sectional SEM image clearly showing that the angle of tips were 

changed depending on the location by substrate effect on line prepattern(width 

and spacing were 30 m). The angle of the tips above line position (α) was 
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increased to 106.4±2.8o whereas the angle of tips between pillar (β) was 

decreased to 82.9±1.9 o. After calcination process, the crack propagated in the 

valley of pyramids placed between the pillars which was the lowest angle 

among the initiation tips. (Figure 4.4 (d)) 
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Figure 4.1. (a) A schematic illustration of the procedure that the crack fragment 

patterns affected by substrate effect. (b) The definition of width(W) and space(S) 

of prepattern. 
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Figure 4.2. The SEM images of TiO2 solidified prepattern films after the 

annealing step: for 30 μm with of (a) line, square pillar array for (b) symmetric 

control and (c) asymmetric control, for 60 μm with of (d) line, square pillar 

array for (e) symmetric control and (f) asymmetric control.The scale bars are 

20 μm. 
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Figure 4.3. The SEM images of cracking on different patterned surfaces: (a) 

not controlled on the flat surface, (b) only vertically controlled on the line 

pattern and (c) both vertically and horizontally controlled on the pillar pattern. 

The scale bars represent 100 μm. 



７７ 

 

 

Figure 4.4. (a) A schematic illustration of the experimental process of 

controlled crack fragmentation on a prepatterned substrate. (b) The cross 

sectional SEM images of the angle of tips after annealing process without 

substrate. The preflat substrate was prepared by of 20nm paste and pyramid 

pattern was used 1:1 (w/w) mixture of 20nm and 250nm paste. The yellow dash 

line indicates the boundary between preflat substrate and pyramid pattern. (c) 

The cross-sectional SEM images showing the crack position after annealing 

and (d) after calcination process on the line prepattern prepared with 20 nm NPs. 

The scale bars represent 10 μm. 
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Table 4.1. Summary of the pillar widths (W) and spacings (S) used to control 

the square fragments. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fragment size 
(m x m) 

Pillar width (W) 

(μm) 

Pillar space (S) 

(μm) 

2 x 2 30 30 

3 x 3 60 30 

4 x 4 60 60 

5 x 5 60 90 
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Table 4.2. Summary of the pillar widths (W) and spacings (S) used to control 

the rectangular fragments. 

 

 

 

 

 

 

 

 

 

 

Fragment size 

(m x m) 

Pillar width (W) 

(μm) 

Pillar space (S)(μm) 

Sx Sy 

2 x 3 30 30 60 

2 x 4 60 30 90 

3 x 4 60 30 60 

3 x 5 60 30 90 

4 x 5 60 60 90 
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4.3.2. Control of the Crack Initiation Tips Depending on the 

Substrate Effect 

The angles of the crack initiation tips were changed depending on the 

prepatterns and the crack propagation position was affected by them. Figure 4.5 

shows the angular change of the initiation tips in width(W) and spacing(S) of 

prepattern. To spilt three of pyramids, we designed the width and spacing of 

prepatterns as W(30 μm) and 2S(60 μm) and the position of initiation tips 

located as shown in Figure 4.5 (a). Comparing the angles of each tips, we found 

that the angle of the tip between the pillars(β) was about 4o smaller than others. 

(Figure 4.5 (b)) As a result, the cracks were propagated only in the small angle 

of the tips(β), exactly dividing three of pyramids.(Figure 4.5 (c)) We change 

the spacing of prepattern to 3S(90 μm) for splitting four of pyramids 

maintaining the same W(30 μm) and the position of initiation tips located as 

shown in Figure 4.5 (d). In this case, the difference in angle of tips(β, γ, δ) were 

smaller than the angle of tips above the pillar(α), however, the difference of tips 

between the pillars decreased to less than 1o.(Figure 4.5 (e)) To divide four of 

pyramids, cracks only propagate at γ position(red arrow in Figure 4.5 (f)), but 

it was randomly generated among the tips(β, γ, δ) (yellow arrow in Figure 4.5 

(f)) because of the little angular difference. We investigated the angular change 

of tips when the width of the pillar was doubled, 2W(60 μm). Analyzing in the 

same way as in the previous method, the difference of the angle of tips(α, β, γ) 

in splitting three of pyramids was increased to about 15o (Figure 4.5 (h)) 

resulting in crack propagated at lowest tips(β) after calcination process. (red 

arrow in Figure 4.5 (i)). Compare the previous case of splitting four of pyramids, 

the angular difference of tips was increased to about 2o when the pillar width 

doubled.(Figure 4.5 (k)) As a result, the crack propagated at β position(red 

arrow in Figure 4.5 (l)) dividing exactly four of pyramids. 
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In order to divide the pyramid by the desired number, the alignment of the tips 

and the pillars should be matched. We checked the alignment of each cases via 

optical microscopy images. The pillar part was observed relatively dark in 

optical microscopy images(yellow dash line in Figure 4.6) and we checked that 

the alignment of pyramids and prepatterns. Figure 4.6 shows the optical 

microscopy images of alignment and fabrication of microblock by controlled 

cracks. After annealing process, the pyramids were placed at desired position 

in case of line(W,2S; Figure 4.6(a)) and pillar(W,S; Figure 4.6(b) and 2W,2S; 

Figure 4.6(c)). After calcination step, the pyramids were divided to aimed 

number by controlled cracks; 3 x X microblocks only controlled vertically over 

line pattern(W,2S) (Figure 4.6(d)), 2 x 2 microblocks(Figure 4.6(e)) and 4 x 4 

microblocks(Figure 4.6(f)) over pillar pattern with W,S and 2W, 2S, 

respectively. 
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Figure 4.5. The position of crack initiation tips(a, d, g and j) and variation of 

their angles over different dimension of prepattern(b, e, h and k). The cracks 

were propagated at the small angle of the tips after calcination step(c, f, I and l)  
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Figure 4.6. The optical microscopy images of pyramids position over 

prepattern: after annealing (a) line (W, 2S) (b) pillar (W,S) and (c) pillar (2W, 

2S) and after calcination (d) 3 x X microblocks over line (W, 2S) prepattern, (e) 

2 x 2 microblocks over pillar (W, S) prepattern and (f) 4 x 4 microblocks over 

pillar (2W, 2S) prepattern. 
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4.3.3. Fabrication of Size and Porosity Controlled Microblocks  

Figure 4.7 (a-d) shows the controlled fragmentation of films for square (a) 2 

x 2, (c) 4 x 4 and rectangular (b) 2 x 3 and (d) 3 x 4 blocks by using the 

controlled cracks of pyramidal TiO2 films on designed pillar prepatterns. The 

surface area of mesoporous micro-particles could be controlled by pastes 

containing NPs in different size (diameters: 50 nm and a 1:1 mixture of 20 and 

250 nm NPs), as shown in Figures 4.8 (b) and (c) for 1 x 1 cases. However, we 

experienced a difficulty to fabricate mesoporous particles with large NP size of 

~250 nm. Due to low cohesive interactions among big NPs, it was noted that 

the pyramidal structures were often destroyed during sonication (Figures 4.9 (a) 

and (c)). To overcome this issue, we employed the additional TiCl4 post-

treatment after preparing separate mesoporous pyramids to enhance the 

formation of NP network.118 This additional treatment is believed to create thin 

TiO2 coating layers among large NPs, increasing the hardness of the structure119 

and allowed us to easily detach the pyramidal particles containing large NPs 

from the substrates (Figures 4.8 (d) and 4.9 (b) and (d)). 

Those controlled cracks formed at the pattern edges disable the connection of 

micro-patterned structures. Separate mesoporous TiO2 structures were formed 

by crack propagation on adhesive substrates (i.e., TiO2 adhesion promoting 

layers coated on Si wafer). However, isolated mesoporous structures detached 

from the substrates were obtained from the substrates such as bare silicon 

wafers and quartz glasses without additional TiO2 adhesion promoting layers, 

as clearly verified in Figure 4.10. Consequently, isolated pyramids were easily 

and completely removed from the bare substrates by sonication in ethanol for 

pyramidal particles. The isolated mesoporous TiO2 pyramids with two 

dimensional (2D) cracks generated at the patterned edges were also removed 

from wafer by ultra-sonication for a few seconds and readily dispersed in 
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ethanol, forming mesoporous TiO2 pyramid micro-particle suspensions (Figure 

4.10(d)). Figure 4.10 (c) shows the remaining pyramids on a substrate after 1 

second sonication, which has clear traces of detached pyramids. Sub-gram scale 

mesoporous TiO2 micro-particles with homogeneous size and shape were 

readily produced by the simple cracking and sonication process (Figure 4.10 

(e)). Until now, mesoporous micro-particles have been mostly synthesized by 

solution processes in batches or microfluidics. However, this preparation 

method suggests the mesoporous particle preparation by simple soft imprinting 

technique on the re-usable substrates that requires no additional purification 

step and minimizes the chemical wastes. 
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Figure 4.7. SEM images of TiO2 microblocks produced in the form of (a) 2 x 

2 and (b) 4 x 4 pyramids for square shapes and (c) 2 x 3 and (d) 3 x 4 pyramids 

for rectangular shapes. The inset images show microblocks detached from a 

substrate. 
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Figure 4.8. The SEM images of mesoporous TiO2 pyramids consisting of (a) ~ 

20 nm, (b) ~ 50 nm, (c) 1:1 mixture of ~ 20 and ~ 250 nm, and (d) ~ 250 nm 

NPs. Bottom SEM images are the high magnification images showing TiO2 

NPs used. The scale bars indicate 5 μm (top images) and 100 nm (bottom 

images), respectively. 
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Figure 4.9. The SEM images of mesoporous TiO2 pyramidal particles prepared 

with ~ 250 nm NPs without (a, c) and with (b, d) additional TiCl4 post treatment 

after sintering. c and d are the high magnification images. The scale bars 

indicate 10 μm 
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Figure 4.10. (a) A schematic illustration of the fabrication of mesoporous 

micro-structures (wires and particles). The SEM images and photographs on 

the delamination of isolated micro-structures on different substrates with (b) 

and without (c) the TiO2 adhesion promoting layer (TiO2 layer thickness: ~100 

nm, formed by sintering of Ti(IV) bis(ethyl acetoacetato)-diisopropoxide) 

coating at 500 oC for 20 min). The left SEM images are the isolated micro-

structures prepared on the substrates, and the right SEM images are the same 

samples after sonication in ethanol (b, a large portion of pyramids are still left 

on the substrate while c, pyramids are completely removed). The scale bars 

indicate 100 μm and the size of wafers in the photographs is 2cm x 2cm. (d) A 

SEM image of a foot print of a detached pyramid (white arrow) and a remaining 

isolated pyramid (yellow arrow) and a picture of isolated pyramids dispersed in 

ethanol. (e) A SEM image of collected mesoporous pyramidal TiO2 micro-

particles. The inset picture is the micro-particle powders (0.3 g) after removing 

ethanol. The scale bars indicate 100 μm (c) and 20 μm (d and e), respectively. 
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4.3.4. Multifunctional TiO2 Microblocks 

We used purifying water to exploit the porosity and photocatalytic properties 

of TiO2 microblocks. The TiO2 microblocks were initially hydrophilic; 

however, they became hydrophobic via a surface treatment with 

trichloro(1H,1H,2H,2H-perfluorooctyl)silane. First, we used hydrophobic 

microblocks to remove oil contaminants dispersed in water. A 1.5 wt% 

water/toluene emulsion was prepared by mixing water and toluene followed by 

sonication for 4 hours (Figure 4.11 (a)). The toluene emulsion was stable for 3 

days, and the emulsion was clearly cleaned after adding 50 mg of the 

hydrophobic microblocks into 3 ml of emulsion solution with vortexing for 5 

minutes. We noted the toluene-adsorbed microblocks floating on the water 

surface. In addition, mesoporous microblocks can collect nanoscale particles 

dispersed in liquid. Nanosize quantum dots (QDs) were introduced to test the 

binding of the TiO2 microblocks. We prepared two different QDs (red 

InP/ZnSeS QDs that were 8 nm in diameter with hydrophobic ligands dispersed 

in toluene and green InP/ZnSeS QDs that were 7 nm in diameter with 

hydrophilic ligands dispersed in water) and added hydrophilic microblocks in 

the green QD solution and 4 x 4 hydrophobic microblocks to the red QD 

solution. After vortexing for 2 minutes, we observed the microblocks with 

embedded QDs with a confocal fluorescence microscope (Figure 4.11 (b)). This 

indicates that our microblocks can be absorbed from nanoscale materials. The 

dyes in the solution were completely decomposed in the presence of 5 mg of 

the mesoporous TiO2 / magnetic hetero-structured particles under UV 

irradiation (3.7 mW/cm-2) in 25 min (Figure 4.11 (c)) Furthermore, the size-

controlled microblock mixture could be separated by applying a magnetic field 

and mechanical shaking. First, we prepared three different microblocks (1 x1 

and 4 x 4 pyramids with a magnetic layer at the bottom and 2 x 2 pyramids 
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without magnetic particles). Then, we mixed them in ethanol after adding 2 mg 

of each microblock. To separate microblocks embedding 2 x 2 pyramids, which 

have no magnetic properties, we applied a magnetic field with a strong magnet 

(neodymium magnet N50, 2695 Gauss) (Figure 4.11 (d)). The other 

microblocks (1 x 1 and 4 x 4 pyramids) could be separated by using the weight 

difference. Generally, magnetic particles begin to move when the magnetic 

force (B) is higher than the resistance, which is proportional to gravity (F=μmg). 

In this study, the weight of microblocks embedding 4 x 4 microblocks is much 

higher than that of microblocks embedding 1 x 1 microblocks. We found that 

the strength of the magnetic field needed to move a 1 x 1 microblock was 365 

Gauss (3 cm distance from the magnet), while the strength needed to move 4 x 

4 microblocks was 1796 Gauss (1 cm distance from the magnet). To separate 

two microblocks from the mixture, we placed the mixture dispersed in ethanol 

on a mechanical shaker at 100 rpm with a magnetic field only on the right side 

(the third image in Figure 4.11 (d)) The magnet was placed 2 cm to the right 

from the center (magnetic field: 711 Gauss). After starting mechanical shaking, 

1 x 1 microblocks gathered on the right side of the magnet, while the 4 x 4 

microblocks remained in the center under the greater influence of centripetal 

force. This demonstration showed a proof-of-concept for the separation of 

microblocks used in different adsorption applications for contaminants 

dispersed in water. 
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Figure 4.11. (a) Photographic and optical microscopy images of a 1.5% toluene 

emulsion in water. After adding 0.05 g of microblocks and vortexing, toluene 

was clearly absorbed in the blocks. (b) Confocal fluorescence microscopy 

images after mixing with microblocks. (c) The UV/Vis absorption spectra on 

the degradation of aqueous methyl orange dye solution mixed with magnetic 

NP-incorporated mesoporous pyramidal TiO2 particles as a function of UV 

illumination time. (d) Photographic images of separated functional particles by 

a magnetic field and mechanical shaking under a magnetic field. 
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4.4. Conclusion 

In this study, we manipulate the crack fragmentation of pyramidal shapes by 

changing the substrate conditions. Cracking is generated in the valleys of TiO2 

micropyramids, and the degree of cracking on the tips can be manipulated by 

the prepatterns. We controll the crack fragmentation by substrate effect that 

cracking over pillar or line-patterned surfaces with different depths. The angle 

of crack iniation tips varied depending on the prepattern and crack was 

generated only on tips with small angles. By detaching these pyramid fragments, 

mesoporous microblocks of various sizes and with multiple functions were 

easily produced. Mesoporous microblocks can be used for water purification, 

such as emulsion cleaning, collecting nanosized materials and decomposing 

dyes, due to the photocatalytic properties of TiO2. This crack engineering 

method not only provides an experimental method for analyzing crack 

fragmentation phenomena in drying colloidal films but also can be used to 

economically produce a large number of mesoporous microblocks with tunable 

sizes and functionalities. 
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Conclusions 

 

 

This dissertation presents the surface engineering based on micropatterns in 

wetting system and mechanical instability. Since the development of electron 

microscopes to analyze the surface in nanoscale, the researches on surfaces has 

been actively conducted. The superhydrophobic surface, knowns as the lotus 

leaf effect, revealed due to hiererchical structure. The fundamental study of 

mechanical instabilities on surface such as fold, wrinkle and crack have also 

possible to observe the porcess of surface deformation. The use of pattern 

allows a systematic analysis of these features and phenomena.  

In Chapter 1, we first develop the method to fabricate hierarchical surface by 

one-step spray coating formulation. Epoxy-thiol reaction binder system was 

introduced to induce fast reaction under ambient condition and this binder 

played a role in attach silica nanoparticles to the surface. We investigated the 

effect of the proportion of each element on the contact angle, transparency and 

surface structure and optimized the ratio of coating solution. By applying 

universal surfaces, we suggest the simple method to form transparent 

hydrophobic surfaces in industrial field applicable large.  

The superhydrophobic surface made by Chapter 1 has water repelling 

property to provide useful surface for analyzing drop impact dynamics. Chapter 

2 demonstrates the mono directional bouncing of droplets by impacting on 

asymmetric hydrophilic patterned surfaces. The micro size of asymmetric dual 

hydrophilic lines with vertex engrave on superhydrophobic surface and the 

droplet bouncing off toward vertex after impacting. We found that the vertex 
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angle and impacting distance from the vertex determine the degree of 

directionality. This patterned surface provides the platform to collect droplets. 

In Chapter 3, we studied controlling crack that generated in drying colloidal 

film regarded as defects in Chapter 1. A soft imprinting method was used to 

create patterns in the wet TiO2 films and well-order cracks were generated along 

the valley of prism and pyramid patterns by stress localization effect. The 

volume contraction occurred in the film during the calcination step and the 

stress was concentrated at the edges of each pattern triggered to propagate crack. 

The degree of stress localization was influenced by film thickness, nanoparticle 

size, and heating rate. In particular, the film thickness above the critical 

cracking thickness affected the area of crack fragment. Our experiment system 

suggested to simple way of accurately quantify the fragment area by counting 

the number of pyramids. Finally, we identified the scaling relationship between 

film thick and fragment area. 

Chapter 4 demonstrates the platform that produce various sizes of pyramidal 

microblocks. The angle of crack initiation tips was changed depending on the 

type of prepattern such as line and pillar pattern. The width and space of 

prepattern influenced the propagation of initiation of tips and key factors to 

manipulate fragmentation of TiO2 to fabricate desired size. The homogeneous 

mesoporous microblocks obtained after cracking and detaching from the 

substrate, they had multi-functionality such as porosity and photocatalytic 

activity to apply water purification field.  

Throughout the whole dissertation, a variety of systematic study of surface 

engineering have been conducted in wetting system and cracking system. We 

presented simple methods to fabricate one-step transparent superhydrophobic 

formulation and suggest water collecting platform. Moreover, we precisely 

controlled the cracks which had been considered a defect due to the complexity 
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and random generation in drying film by applying patterns. Furthermore, the 

tiled microblocks were obtained on crack template with substrate effect. This 

result is significant in that it suggests a method of finely adjusting not only 

crack manipulation but also control the size of fragments.  
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요약 (국문초록) 

 

표면은 구조적 또는 화학적 성질에 따라 고유의 특성을 갖으며, 

외부에서 가해지는 힘에 의해 변형이 일어나기도 한다. 표면을 나노 

단위로 관찰 가능한 전자현미경 시스템이 발전함에 따라 표면에서 

발생하는 위와 같은 현상에 대한 연구는 지난 수십 년간 활발하게 

진행되었다. 연잎, 소금쟁이 등 자연계에서 발견된 독특한 성질을 

나타내는 초발수표면은 마이크로 구조 위에 미세한 나노 구조로 이

루어진 계층 구조에 의한 특성으로 나타나는 현상인 것이 밝혀지면

서 이를 모방하여 공학적으로 이용해보고자 하였고, 표면에 발생하

는 주름, 균열 등은 구조적 실패 혹은 파손으로 간주되어 이를 제어

하고자 하였다.  

패터닝은 표면에서 발생하는 현상을 체계적으로 제어하고 분석할 

수 있는 플랫폼을 제공한다. 패턴의 크기, 종류, 간격 등을 나노 단

위로 자유롭게 조절하여 표면의 구조적 특성을 제어할 수 있기 때

문이다. 표면에 패턴을 제작하는 방법으로는 빛과 마스크를 이용한 

광학 리소그래피, 화학적 특성을 이용한 식각, 그리고 PDMS 몰드를 

이용한 소프트 임프린팅 방법 등이 알려져 있다.  

초발수표면은 자가세정유리, 자가세정자동차, 얼지 않는 표면 등

과 같이 산업적으로 이용 가치가 부각되면서 이를 구현하기 위해 

다양한 연구가 진행되었다. 특히, 계층구조를 제작함에 있어 공학적

으로 초발수현상을 체계적 분석하고자 패턴을 활용하는 방법이 적

용되었다. 하지만, 대부분 발표된 연구는 계층구조를 제작하는 과정
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이 복잡하여 산업적으로 이용하기에는 한계가 있으며 따라서, 초발

수표면을 간단하게 제작하여 산업분야에 적용시킬 수 있는 방법에 

대한 연구가 필요한 때이다.  

한편, 표면에 다양한 형태의 힘이 가해지면 이를 완화시키기 위해 

변형이 일어난다. 그 중 인장응력에 의해 발생하는 균열현상은 불규

칙적이고 시스템이 복잡하기 때문에 조절하기 힘들 뿐만 아니라 대

부분 결점으로 여겨지면서. 이를 방지하고자 하는 연구에 집중되어 

왔다. 특히 가뭄 현상과 같이 용매가 증발함에 따라 발생하는 균열

은 고분자 박막에서 발생하는 균열현상보다 더욱 복잡하고 불균일

하게 형성되기 때문에 현재까지 이를 제어하는 방법에 대한 연구는 

거의 진행되지 않아 이에 대한 연구가 필요하다. 

본 학위논문에서는 표면에서 발생하는 현상 중 패턴을 적용 하여

초발수 표면과 균열 제어에 관한 체계적인 연구를 제시한다. 산업적

으로 이용 가능한 초발수표면을 간단하게 제작하는 방법을 연구하

였고, 초발수표면에 성질이 다른 화학적 패턴을 각인하여 물방울 충

격 역학의 기계적 조절에 대한 연구를 하였다. 또한 결점으로 여겨

졌던 건조 콜로이드 박막에서 발생하는 균열 현상을 패턴을 이용하

여 체계적으로 제어하였으며, 더 나아가 균열로 생성되는 조각의 크

기까지 자유롭게 조절하는 방법을 제시하여 공학적으로 균열을 유

용하게 활용할 수 있는 연구를 제시한다.  

제 1 장에서는 스프레이시스템을 활용하여 대량 면적에도 간단히 

초발수표면을 구현하는 방법에 대한 연구를 제시하였다. 상온에서도 

빠른 반응을 유도하기 위해 에폭시-사이올 반응을 도입하여 실리카

나노입자와 바인더, 용매로 이루어진 콜로이드 용액을 제조하고 각 
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요소의 비율이 접촉각, 투명성, 표면 구조에 미치는 영향을 연구하

였다. 또한 다양한 표면에 적용시켜 범용적인 표면에 초발수효과를 

나타내는 것을 확인하였다.  

제 2 장에서는 초발수표면에 친수성을 가진 비대칭 화학적 패턴을 

각인시켜 물방울의 거동이 조절 가능한 표면을 제작하였다. 꼭지점

이 있는 패턴을 설계하여 물방울이 표면에 충격하고 다시 튀어 오

를 때, 꼭지점 방향으로 튀어 오르도록 유도하였다. 패턴의 각도와 

충돌 거리를 조절하여 방향성의 정도에 영향을 주는 요인을 찾아내

었고, 이를 기하학적 이론 값과 비교하여 차이가 없는 것을 확인하

였다. 이와 같은 표면은 물리적 구조가 없는 평평한 표면에서도 화

학적 패턴에 의해 물방울의 거동이 조절되었고, 나아가 물방울을 꼭

지점과 같은 특정 위치에 모을 수 있다는 것을 확인하였다.  

제 3 장에서는 제 1 장에서 표면을 제작하는 과정에서 발생한 균

열 현상을 마이크로패턴을 이용하여 제어하는 방법을 제시하였다.  

TiO2 로 이루어진 콜로이드 필름에 소프트 임프린팅 기법을 이용하

여 프리즘 혹은 피라미드 마이크로패턴을 각인시키고, 소결 과정을 

통해 필름의 유기물을 모두 제거하면 필름에 부피 수축이 발생되고 

스트레스는 각 패턴의 가장자리에 집중되고 균열이 이곳에 생성되

도록 유도하였다. 균열 집중 현상의 정도는 필름의 두께, 나노 입자

의 크기, 가열 속도에 영향을 받는 것을 확인하였다. 특히 필름 두

께는 생성되는 균열 조각의 면적에도 영향을 주었으며, 각 균열 조

각은 정사각형 피라미드로 구성된 장점을 활용하여 면적을 쉽게 정

량화 하였고, 필름 두께와 면적이 갖는 스케일링 관계를 확인하였다.  
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제 4 장에서는 균열을 제어하는 것에서 더 나아가 균열 조각의 크

기까지 자유롭게 조절하여 조각을 기판에서 떼어내어 마이크로 블

록을 대량으로 만들 수 있는 플랫폼을 개발하였다. 서로 다른 높이

를 갖는 라인 혹은 필라 패턴이 있는 기판을 사용하여 기판이 균열

에 미치는 영향을 분석하였다. 제어된 사이즈의 균열 조각은 기판에

서 떼어내어 마이크로블록으로 사용할 수 있었고, 이를 활용하는 방

법을 제시하였다.  

이러한 연구 결과는 패턴을 활용하여 표면을 제어할 수 있는 방

법을 제시하고, 이를 통해 결점으로 여겨졌던 균열 현상을 공학적으

로 응용 가능하도록 영역을 넓혀 줄 것을 기대한다. 
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