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ABSTRACT 

 

Full Name : Aditia Rifai 

Thesis Title : Self-Cleaning Of Glass And Polycarbonate Surfaces Using Texturing 

And Dynamic Rotation 

Major Field : Materials Science and Engineering 

Date of Degree : December, 2015 

 

Self-cleaning surfaces are being fabricated by various methods and materials in order to 

keep the surface clean form dust. However, most of those surfaces are opaque mainly due 

to its micro-nano structure of its surface, which is not applicable for photovoltaics. In this 

study, a novel fabrication method using oil impregnation is introduced on a glass surface 

with a layer of mixed-size (30, 75 and 220 nm) silica nanoparticles which is formed by dip-

coating method. Silica colloidal particles are functionalized by using silane solution 

(trimethylchlorosilane or  trichloro (1H, 1H, 2H, 2H-perfluorooctyl) silane) are deposited 

on to glass prior to oil impregnation at the surface for improving adherence of the oil. 

Contact angle measurements are carried out and the static water contact angle, sliding angle 

and average transmittivity of these resulting surfaces are found to be 113°, 3° and 83% 

respectively. A cleaning test is relied by incorporating small water droplets on a dusted 

surface and using a tilted surface at 10° with excellent results. Scanning electron 

microscope, SEM, and atomic force microscope, AFM, are used to characterize the 

morphology of the surface. The findings reveal that there are several valleys with varying 

depth in between the silica particles that function as air pocket to serve for storing oil on 

the surface. Characterization revealed a hierarchical (nano-micro) structures that are 

created due to the deposition of different sizes of silica particles where smaller particles lie 



xix 

 

on top of bigger particles. The transmissivity of the engineered surfaces is measured and it 

is found that oil impregnation improves transmittance of the coated glass. 

PDMS double casting is also used to replicate hydrophobic of lotus and rice leaves 

morphology towards producing transparent hydrophobic surface. The positive PDMS 

replica of lotus and rice leaves result in water contact angles of 129° and 131° respectively 

whereas the lotus and rice leaf contact angles are 147° and 149° respectively. SEM 

micrographs of these surfaces demonstrate that the micro details of lotus and rice leaves 

structures were replicated without nano details. The transmittivity of lotus leaf replica is 

lower than that of the rice leaf details due to randomly oriented and folded structure of the 

lotus leaf. 

Silica aerogel-nanoparticle is also deposited on glass using sol-gel dip-coating method. The 

surface developed by this method shows very promising hydrophobicity of 143° static 

WCA and 10 mJ/m2 surface free energy. Oil impregnation process improves water droplet 

mobility with 4° sliding angle and decreasing WCA to 110°. It also increases the 

transmittance to 79%.   

Dynamic forces are also used to clean dusted surface of glass and polycarbonate. The force 

generated from dynamic rotation to remove dust particles is calculated using Matlab 

software. The calculations are governed by centrifugal, drag, lift, gravitational and 

adhesion forces. Surface roughness effect is also considered in calculation of the adhesion 

force between dust particles and the substrate. The rotational speed and dust radial distance 

are varied to examine dynamic efficiency of dust removal. The experimental tests are also 

performed to show that dust accumulations are cleaned by amount of 3.2, 25.9, 61.4 and 



xx 

 

78.2 % at rotational speed of 100, 175, 250 and 375 rpm respectively. In all of the above 

studies, dust samples are collected from precipitation atop of PV-panels that are located in 

KFUPM, Dhahran. 
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ϣЮϝЂϽЮϜ ЉϷЯв 

 
 

ЬвϝЪЮϜ аЂъϜ: пКϝТϼ ϝтϦтϸϒ 
 

 :ϣЮϝЂϼЮϜ дϜмжК сϦϜϺЮϜ РтДжϦЮсЪтвϝжтϸЮϜ дϜϼмϸЮϜ м сϲАЂЮϜ ϞтЪϼϦЮϜϼтПϦ аϜϸ϶ϦЂϗϠ ϤтжмϠϼϝЪтЮмϠЮϜм ϬϝϮϾЯЮ 
 

 :ЈЊ϶ϦЮϜϸϜмвЮϜ ϣЂϸжк м амЯК 
 

ϣтвЯЛЮϜ ϣϮϼϸЮϜ ϵтϼϝϦ :5/3/1347рϼϮк 
 

 ев бОϽЮϝϠ м ̪ϼϝϡПЮϜ ев ϣУуЗж ϝлуЯК ДϝУϳЮϜ РϹлϠ ϣУЯϧϷв ϸϜнв м ЭϚϝЂм аϜϹϷϧЂϗϠ СуЗзϧЮϜ ϣуϦϜϺ ϱГЂцϜ ̭ϝзϠ бϧт

ϣт̴ммϽЫтϝгЮϜ ϣузϡЮϜ ϟϡЃϠ ЩЮϺ м ̭нЏЯЮ ϣгϦϝЦ ϱϡЋϦ ϱГЂцϜ иϻк дϗТ ЩЮϺ- ϽуО ϝлЯЛϯт рϻЮϜ м ϱГЂъϜ иϻлЮ ϣтнжϝзЮϜ

ЧϦ ϣЂϜϼϹЮϜ иϻк ̪ϣуϚнЎмϽлЫЮϜ ϤϝЧуϡГϧЯЮ ϣгϚыв нЃЫв сϮϝϮϾ ϱГЃЮ  ϥтϿЮϝϠ ЭугϳϧЮϜ аϜϹϷϧЂϝϠ ϢϹтϹϮ ϣЯуЂм аϹ

) ϣтнжϝж аϝϯϲϒ мϺ днЫуЯуЃЮϜ Ϥϝϡуϡϲ ев ϣЧϡГϠ30 ̪70 ̪220  иϻк ϣϛулϦ бϦ ̪ЁгПЮϝϠ сЯГЮϜ аϜϹϷϧЂϝϠ (Ͻϧвнжϝж

ϱГЂ пЯК ϝлϡуЂϽϦ м (ЭуϧЪϒмϼнЯТϽуϠмϼнЯЫЯтϜϽϦ мϒ еуЯтϝЂмϼнЯЪ ЭтϝϫгтϜϽϦ) сзуЯтϝЂ ЬнЯϳв аϜϹϷϧЂϝϠ ϤϝϡуϡϳЮϜ 

 м ФъϿжϜ ϣтмϜϾ м ϣзЪϝЂ ϣЃвыв ϣтмϜϾ ϭϧжϒ рϻЮϜм ϣЃвыгЮϜ ϣтмϜϾ ЀϝуЦ бϦ ϹЛϠ ев м ̪ϥтϿЮϝϠ ЭугϳϧЮϜ ЭϡЦ ϬϝϮϿЮϜ

 ϼϜϹЧгϠ ̭нЏЯЮ ϣтϺϝУж ЬϹЛв113  м ϣϮϼϸ3  м ϤϝϮϼϸ83%  ϱГЂчЮ СуЗзϦ ϼϝϡϧ϶Ϝ ϸϝгϧКϜ бϦ м ̪сЮϜнϧЮϜ пЯК

 Ϟ дыув ϣтмϜϿϠ м ϽϡПв ϱГЂ пЯК ̭ϝв ϤϜϽГЦ ЬϝгЛϧЂϝϠ10 ϼϸ аϜϹϷϧЂϖ бϦ м ̪ϢϾϝϧгв ϭϚϝϧж ϬϽ϶ϒ рϻЮϜм ϤϝϮ

 дϒ ϭϚϝϧзЮϜ ϤϽлДϒ м ̪ϱГЂцϜ ϤϝзуЛЮ ϣуϳГЃЮϜ ϣузϡЮϜ СуЊнϧЮ ϣтϼϻЮϜ ϢнЧЮϜ Ͻлϯв м сжмϽϧЫЮшϜ ϱЃгЮϜ Ͻлϯв

 пЯК ϥтϿЮϜ етϿϷϧЮ ̭Ϝнк ϞнуϯЪ ЭгЛϦ сϧЯЮϜм ϝЫуЯуЃЮϜ Ϥϝϡуϡϲ еуϠ ХгЛЮϜ ϢϽуПϧв дϝтϸм ϤϜϺ ϣузϠ ϝлтϹЮ ϱГЂцϜ

ϽлДϒ ϹЦм ̪ϱГЃЮϜϣтнжϝж) ϣуЧϡА ϣузϠ рϽлϯгЮϜ СуЊнϧЮϜ-  аϝϯϲцϜ ϣУЯϧϷв ϝЫуЯуЃЮϜ Ϥϝϡуϡϲ ϟуЂϽϦ ϣϯуϧж (ϣтммϽЫтϝв

.̭нЏЮϜ ϣтϺϝУж ЀϝуЦ ев е̯Ѓϳт ϥтϿЮϜ ЭугϳϦ дϒ ϹϮм м ̪ϝлзв ϽϡЪцϜ ϤϝϡуϡϳЮϜ ФнТ днЫϦ ϽПЊцϜ ϤϝϡуϡϳЮϜ ϩуϲ 
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 Ѐϖ аϖ рϸ сϡЮϜ ϢϸϝгЮ ϬмϸϿгЮϜ ϟЫЃЮϜ аϜϹϷϧЂϖ бϦ ХϡЂ ϝв пЮϖ ϣТϝЎшϝϠ ϢϸϼϝГЮϜ ϾϼцϜ ϣϧϡжм ЁϦнЯЮϜ ϣϧϡж ФϜϼмϒ ϵЃзЮ

 ϝглЮ дϝЪ ϾϼцϜ м ЁϦнЯЮϜ сϧЦϼнЮ (ϣЯϪϝггЮϜ) ϣуϠϝϯтшϜ ϣϷЃзЮϜ ̪̭ϝгЯЮ ϢϸϼϝА м ̭нЏЯЮ ϢϺϝУж ϱГЂϒ Ϭϝϧжϖ РϹлЮ ̭ϝгЯЮ

 Ϟ ϣЂϝЧв ̭ϝгЯЮ ϣЃвыв ϣтмϜϾ129  м ϣϮϼϸ131  ϣтмϜϾ ϾϼцϜ м ЁϦнЯЮϜ сϧЦϼнЮ дϝЪ ϝгзуϠ сЮϜнϧЮϜ пЯК ϣϮϼϸ

ϣЃвыгЮϜ  пЮϖ147  м ϣϮϼϸ149  сϧЦϼм  ϵЃзЮ сжмϽϧЫЮшϜ ϱЂϝгЯЮ ϣтϽлϯгЮϜ ϼнЋЮϜ ϥзуϠ м ̪сЮϜнϧЮϜ пЯК ϣϮϼϸ

 ев ЭЦϒ ЁϦнЯЮϜ ϣЦϼм ϣϷЃзЮ сϚнЏЮϜ ϺϝУзЮϜ дϝЪ м ̪ϣтнжϝзЮϜ ϣузϡЮϜ дϜϹЧТ Йв ϣтммϽЫтϝгЮϜ ϣузϡЮϜ ϸнϮм ϾϼцϜ м ЁϦнЯЮϜ

ГгЮϜ м ϣуϚϜнЇЛЮϜ ϣузЮϜ ϟϡЃϠ ЩЮϺ м ϾϼцϜ ϣЦϼм ϣϷЃж ϣтϺϝУж.ЁϦнЯЮϜ ϣЦϼнЮ ϣтн  

 

ЭϮмϽтшϜ Ϥϝϡуϡϲ ϟуЂϽϦ ХϡЂ ϝгЮ ϣТϝЎϖ аϜϹϷϧЂϖ бϦ- ϢϸϝгЮ ЁугПϧЮϝϠ сЯГЮϜ аϜϹϷϧЂϗϠ ϬϝϮϿЮϜ ϱГЂ пЯК ϣтнжϝзЮϜ

ЭϚϝЃЮϜ- ев ̭ϝгЯЮ ϣЃвыв ϢмϜϿϠ ϼϹЧϦ ̭ϝгЮϜ ϸϽГЮ ϢϹКϜм ϣуЊϝ϶ ϣЧтϽГЮϜ иϻлϠ ϭϧзгЮϜ ϱГЃЮϜ ϽлДϓТ ̪свылЮϜ143 

 4 дыув ϣтмϜϿϠ ̭ϝгЮϜ ϢϽГЦ ϣуЪϽϲ ϥтϿЮϝϠ ЭугϳϧЮϜ е̲Ѓϲ ϹЦм ̪2Ͻϧв /ЬнϮ сЯв10 Ϟ ϱГЃЯЮ ϢϽϲ ϣЦϝА м ϣϮϼϸ

 пЮϖ ̭ϝгЮϜ ϣЃвыв ϣтмϜϾ ЭЯЦм ϤϝϮϼϸ110  пЮϖ ̭нЏЮϜ ϣтϺϝУж ев ϸϜϾ ЩЮϻЪ м ̪ϤϝϮϼϸ79%.  

 

 дϜϼмϹЮϜ ев ϣуϦϓϧгЮϜ ϢнЧЮϜ ϞϝЃϲ бϦ м ̪етϽϡПв ϥужнϠϼϝЫуЮнϠ ϱГЂ м ϬϝϮϾ ϱГЂ СуЗзϧЮ ϣуЫувϝзтϹЮϜ ϢнЧЮϜ ϥвϹϷϧЂϒ

ϝзтϹЮϜ ϢнЧЮϝϠ ϣвнЫϳв ϤϝϠϝЃϳЮϜ ϥжϝЪ ϩуϲ ̪ϞыϦϝϠ пгЃгЮϜ ϞнЂϝϳЮϜ ϭвϝжϽϠ ЬϝгЛϧЂϗϠ ϼϝϡПЮϜ ϣЮϜϾш аϹϷϧЃгЮϜ м сЫув

 еуЛϠ ϼϝϡПЮϜ м ϱГЃЮϜ еуϠ ϣжнЇϷЮϝϠ ϻ϶цϜ бϦм ̪ХЋЯЮϜ ϢнЦ м ϣуϠϺϝϯЮϜ ϢнЦ м ЙТϽЮϜ ϢнЦ м ШϝЫϧϲшϜ ϢнЦ м ϢϸϼϝГЮϜ

ϡПЮϜ СуЗзϧЮ ϣуЫвϝзтϹЮϜ ϣуЮϝЛУЮϜ ЉϳТ бϦм ̪ϼϝϡϧКшϜ ̪ϣтϽГЦ СЋзЮϜ ϣТϝЃгЮϜ м ϣужϜϼмϹЮϜ ϣКϽЃЮϜ ϽууПϦ ХтϽА еК ϼϝ

 ϼϜϹЧгϠ СЗ̴ж бЪϜϽϧгЮϜ ϼϝϡПЮϜ дϒ ϼϝлДш ϞϼϝϯϧЮϜ ЭгК бϦ м3.2  м25.9  м61.4  м78.2%  ϤϝКϽЂ аϜϹϷϧЂϖ ϹзК

 ев дϜϼмϸ100  м175  м175  м250  м375 Т аϹϷϧЃгЮϜ ϼϝϡПЮϜ дϒ ϽЪϻЮϝϠ ϽтϹϯЮϜ м ̪сЮϜнϧЮϜ пЯК ϣЧуЦϹЮϝϠ Ϣϼмϸ с

 ЬмϽϧϡЯЮ ϹлТ ЩЯгЮϜ ϣЛвϝϮ сТ ϢϸнϯгЮϜ м ϣуϚнЎмϽлЫЮϜ ϰнЯЮϜ ϱГЂϒ ФнТ ев бЪϜϽϧгЮϜ ϼϝϡПЮϜ ев йЛгϮ бϦ ϣЂϜϼϹЮϜ иϻк

.дϜϽлЗЮϜ ϣЧГзв сТ дϸϝЛгЮϜ м 
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CHAPTER 1 

INTRODUCTION  

1.1 Dust adhesion problem 

Photovoltaic (PV) system has a big role as an alternative green energy source due to its 

huge resource of the sun, technology maturity and easiness to use. According to Kingdom 

power plan at 2032, as shown on Figure 1, one-third of total power plan will be coming 

from solar power both from photovoltaic and concentrated solar powers [1]. 

 

Figure 1 Saudi power plan in 2032 [1] 

However, current energy conversion from sun radiation to electric power is not really big, 

which is around 15-20% for semi-conductor PV type [2]. Therefore, the maintaining of this 
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amount of energy is very crucial; otherwise energy value compared to the cost is not 

significant. Moreover, there is also big problem in PV implementation which is efficiency 

reduction due to dust deposition or accumulation on the top surface of PV panels.  The dust 

particles and other particulates can lead to 70% efficiency reduction in PV module after 

one year of accumulation [3]. In term of energy losses, even a relatively small amount of 

dust with 1 g/m2 deposition density causes around 183 SAR/kWp energy losses annually as 

illustrated on Figure 2 [4]. 

 

Figure 2 Dust Accumulation effect to photovoltaic energy loss [3] 

Many solutions for the problem of dust accumulation had been offered to overcome this 

loss either by active or by passive cleaning method. The accumulated dust can be cleaned 

actively by several ways, such as using fluid stream, ultrasonic, vibration, electric field and 

dynamic force [5ï9]. Passive cleaning method is  done by creating a self-cleaning surface 

with properties to ease cleaning process by reducing adhesion force between the surface 

and dust. One of the important surface property used in self-cleaning surfaces is 

superhydrophobicity of the surface [10ï12]. Other reports  argued that hydrophilic surfaces 

has good potential to be self-cleaning surfaces by the action of spreading and sliding of 

water droplets on the surface[12,13]. The following section provides a review to explain 

the mechanism by which hydrophobicity promotes self-cleaning characteristic. 
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1.2 Self-cleaning surface 

A self-cleaning surface is a surface that  can passively removes dust particles and other 

contaminants by utilizing rolling or sliding water droplets. As illustrated on Figure 3, when 

a water droplet rolls or slides on the surface, it will carry dust particles in its path of 

movement and thus clean the surface. Originally, this self-cleaning property was inspired 

by the action of lotus leaves. Other natural leaves also have similar self-cleaning 

capabilities, e.g. rice leaves. 

 

Figure 3 self-cleaning lotus leaf 

Self-cleaning surfaces are governed by two properties: hydrophobicity and the morphology 

of their surface. Hydrophobicity  is evaluated by the surface energy of the surface where 

the water droplet resides. A surface with high surface energy is called hydrophilic. 

Hydrophobic surface has high tendency to attract water. On the contrary, a low surface 

energy surface is a hydrophobic surface. The parameter to distinguish these two opposite 

surfaces is water contact angle (WCA). Hydrophobic surface has WCA above  90° and 

hydrophilic one has WCA below 90°. Surfaces with WCA of 150° are called 

superhydrophobic and those with WCA of less than 10° are called superhydrophilic as 

shown on Figure 4 [14,15].  
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Figure 4 Water contact angle of superhydrophilic and superhydrophobic surfaces [14] 

Superhydrophobic surface repels water droplet easily allowing it to roll on the surface and 

collecting dust with it. Moreover, due to very low surface energy of superhydrophobic 

surface, the adhesion force between dust and surface will also be very low  and thus making 

it easier to be removed. On the other hand, the cleaning mechanism of superhydrophilic 

surfaces is by spreading and sliding the water over the surface and bringing dust with it. 

Other self-cleaning properties related to water contact angle is sliding angle and hysteresis 

which are categorized as dynamic water contact angle as shown on Figure 5. Sliding angle 

is measured by tilting the surface with droplet on top of it from 0° until the droplet is sliding 

due to gravitational force and hysteresis is the difference of advancing angle (m᷆ax) and 

receding angle (᷆ min) [16].  

 

Figure 5 Sliding angle measurement [16] 
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1.3 Dust cleaning methods 

Dust accumulated  on PV panels can be cleaned using several methods ranging from 

traditional to advanced ones as shown on Figure 6. A simple and traditional cleaning 

method is done by using a mop and water supply; a method that is labor intensive. 

Pressurized water is used to avoid the need for mops. It also could increase time efficiency 

and able to clean the spot that difficult to be cleaned by a mop. The steam and compressed 

air can be used to remove dust accumulation. There are  automatic methods where the need 

for labor is minimized. These include robot device, automatic brushes, and sprinkle water 

[17]. An advanced method of using electric current to remove and repel the dust has also 

been utilized by NASA [8,9,18]. Utilizing mechanical vibration or centrifugal forces are 

examples of the use of dynamic method to clean surfaces from contamination [5,19]. More 

details on these techniques will be given in chapter 2. 

A Self-cleaning surface is characterized by the significant reduction of adhesion forces 

between dust and surface. However, the self-cleaning surface still utilizes water droplet to 

clean the surface. This can be effective if it is implemented in an area that has high rainfall 

rate. For the relatively dry area which has very low rain rate, such as Saudi Arabia, it is 

very difficult and not really effective to clean the solar panels from dust accumulation using 

rainfall or external water resources. In Saudi Arabia, average annual rainfall is just around 

82 mm which is far less than global average annual rainfall that is around 924 mm [20,21]. 

Water vapor coming from atmospheric humidity  will not help much to clean the PV 

surface due to very small amount of water droplet create from water vapor. Moreover, 

water vapor can increase the adhesion force between PV surfaces and dust due to meniscus 
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force. Therefore, external forces are needed to enhance the cleaning of dust accumulation 

on PV surfaces in the desert area especially where it is difficult to provide water or any 

other fluids in the PV plant. 

 

Figure 6 Various ways dust cleaning methods: (a) mop and drinking water, (b) steam, (c) 

compress air, (d) pressurized water, (e) automatic robot device, (f) electric curtain, (g) sprinle 

water and (h) automatic brushes  [22] 
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In this study, we will investigate effect of surface texturing and dynamic rotation on the 

self-cleaning characteristics of glass and polycarbonate surfaces. Surface texturing is done 

by creating nano-rough surface, using silica nanoparticles deposition and PDMS casting, 

will promote the development of superhydrophobic surface which is the main properties 

for self-cleaning surface in solar cell application. While the rotational method aims at 

enhancing the effect of dust removal when there is no enough water to clean the solar panel 

surfaces. The materials used as substrate are polycarbonate and glass which are mainly 

used in solar panel covers. 

1.4 Scoop of the work 

This study was done to solve dust adhesion problem inside the Kingdom of Saudi Arabia 

(KSA) where dusty weather is common and become more intense as a result of increasing 

frequency of sand storms. Designing and engineering of self-cleaning surfaces is a 

promising solution to solve this problem since it can minimize dust adhesion and reduce 

the use of water during the cleaning of these surfaces. By applying self-cleaning coating, 

dust adhesion is expected to decrease and thus reducing the need for intensive use of water, 

labor and expensive techniques to clean them. To achieve this objective, the following 

techniques are approached; surface texturing to create self-cleaning surface and dust 

cleaning method by dynamic rotational force. Some surface texturing is followed by  oil 

impregnation of surface modified silica nanoparticle. The second technique is to use double 

casting of polydimethylsiloxane on lotus and rice leaf texture. The third technique is to use 

silica aerogel nanoparticle sol-gel deposition.  The last technique is the use of dynamic 

rotational to clean surfaces of polycarbonate and glass surface. 
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CHAPTER 2 

LITERATURE REVIEW  

1.5 Dust adhesion forces 

1.5.1 Contact Mechanic 

The adhesion of dust particle is affected by many factor such as van-der waals force, static 

electricity, relative humidity, contact area, surface roughness, agglomeration, time of 

contact, temperature and others [23]. For the sake of simplicity in this preliminary study, 

Van der Waals force is assumed that is the most common force that plays on particle 

adhesion [24,25]. Johnson et al. [26] has developed adhesion force theory which is coming 

from Van-der Waals force of spherical particle on flat wall. This theory is then known as 

JKR model. 

Ὂ  “Ὑ‎ .................................................................................................................................. 1 

Where R is radius of the particle and ‎ is surface energy between two surfaces. This 

equation valid for large, soft bodies with high surface energy [24].  

DMT model 

In addition to that, Derjaguin et al. [27] had developed model which is also similar to JKR 

model but with different constant known as DMT model. 

Ὂ  ς“Ὑ‎ .................................................................................................................................. 2 

This equation is appropriate for small, hard solid particles with low surface energy[24]. 
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Hamakerôs model 

Another development of adhesion theory was developed by Hamaker as illustrated on 

Figure 7 [28]. 

 

Figure 7 Hamakerôs model [28] 

Ὂ   .................................................................................................................................... 3 

Where A is Hamaker constant and Zo is separation distance between particle and the 

surface, normally 0.3 or 0.4 nm [24]. Hamaker model did not consider the particle contact 

area to the surface. 

Rumpf-Rabinovich model 

Rabinovich et al. [29] modified Rumpf model which is about van der walls force particle 

on rough surface. They calculated statistically the effect of RMS (root mean square) of the 

asperity of the rough surface as illustrated on Figure 8. 
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Figure 8 Rumpf-rabinovichôs model [29] 

Ὂ
Ȣ

Ȣ
 ...........................................................................................  4 

1.5.2 Surface Energy 

Surface energy of the materials is derived from Youngôs equation. 

‎ ‎ ‎ Ȣὧέί— ..............................................................................................................  5 

Or familiarly written by 

ὧέί—  ........................................................................................................................  6 

Where ‎  and ‎  are surface energy of solid against vapor and liquid, ‎  is surface 

energy of liquid against vapor and — is Youngôs contact angle of surface and liquid which 

refers to diagram on Figure 9. The youngôs equation shows that contact angle affecting the 

surface energy or in other words surface energy can be measured by knowing the contact 

angle of the surface against liquid. 
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Figure 9 Surface energy diagram on water contact angle 

1.5.3 Cassie-Baxter and Wenzel theory 

Modification of Youngôs equation is needed since real surface usually vary in practical 

condition. There are two famous modified versions of Youngôs equation which are Cassie-

Baxter and Wenzel theories  as illustrated on Figure 10 [30ï34]. Wenzel theory proposed 

geometrical surface which is distinguish from actual surface. 

 

Figure 10 Cassie-Baxter and Wenzel state illustration [32] 

ὶȢὧέί—ὧέί—ᶻ ........................................................................................................................  7 

Or can be added by Youngôs equation 

ὶȢ ὧέί—ᶻ .................................................................................................................  8 
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Where ὶ is surface roughness factor (actual surface/ geometric surface), — is real contact 

angle or Young contact angle which is smooth surface, and —ᶻ is Wenzel apparent contact 

angle or also called —ᶻ. 

If there is air trapped inside air pockets of the surface structure, the Cassie-Baxter wetting 

state is needed to describe in which the fluid just only contact the top peak of the surface. 

The contact fraction is called Ὢ. 

ὧέί—ᶻ ὪȢὧέί—ρ ρ ........................................................................................................  9 

Where Ὢ is contact fraction and —ᶻis Cassie-Baxter apparent contact0 angle or called —ᶻ . 

1.6  Factors affecting self-cleaning properties 

1.6.1 Sur face Functional Groups to hydrophobicity 

In ordinary unmodified surface, there are many hydroxyl (-OH) groups on the surface 

which is coming from water vapor in the atmosphere. This hydroxyl groups will enhance 

the hydrophilicity of the surface to attract water by forming hydrogen bonding. For getting 

hydrophobic surface the unreacted functional groups is needed to repel water droplet. Some 

functional groups was used to create hydrophobicity effect are methyl (-CH3) and 

trifluorocarbon (-CF3) groups as shown on Figure 11 [35]. 

1.6.2 Surface Structure Effect to hydrophobicity  

Surface roughness is the main factor to create self-cleaning surface. Increasing roughness 

of the surface reduces the apparent contact angle between solid and liquid, thus it reduces 

the surface energy since surface energy is a function of area. Moreover, surface roughness 
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forms air pockets which promotes water repellent effect. This water repellent effect will 

increases hydrophobicity and self-cleaning properties of the surface. 

  

Figure 11 Surface functional groups [35] 

 

Figure 12 The fitted curve of hierarchical structure effect to contact angle (contact angle, in 

degrees, against the mean outer diameter of protruding structures, in micrometers) [36] 



14 

 

Hierarchical structure, combination of micro- and nano-structure, is believed to be the 

optimal structure to create self-cleaning effect as it appears on lotus leaf [36,37]. Figure 12 

shows that hierarchical (micro and nano) structure has higher WCA than microstructure 

only.  Figure 13 shows the nanostructure and microstructure also have different effect on 

contact angle. Furthermore, the size of the hierarchical structure also affects the water 

contact angle of the surface. Figure 12 shows that smaller the diameter size of the peaks 

gives higher contact angle and the forming of nano details increases more the contact angle 

as well. 

 

Figure 13 variation of hierarchical structure n-hexatriacontane and its effect to water contact 

angle [37]  
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Some reports   found that lotus wax materials is intrinsically hydrophilic and has 74.0±8.5° 

static WCA [38,39]. The lotus was heated until the nanofibers of lotus wax was 

disappeared. The contact angles of heated and unheated lotus were measured and 

compared. The heat treated lotus leaf has lower contact angle but still hydrophobic due to 

the remaining microstructure. Whereas, the smooth lotus wax has WCA lower than 90° 

which is categorized as hydrophilic. Therefore, the main factor to create self-cleaning 

effect is the structure of the surface. 

1.6.3 Surface roughness effect to transmittivity 

When light strikes a surface, it can be absorbed, transmitted, reflected, scattered or 

combination of them. The cover glass of photovoltaic, lime glass or polycarbonate sheet, 

is categorized as translucent material which is almost completely transmit the light. 

However, even translucent surface can possibly  scatter or reflect the light reducing the 

amount of transmitted light. This transmissivity loss was found to be proportional to 

roughness of the surface as shown on Figure 14 [40ï42].  

 

Figure 14 Transmittance loss SiO2/TiO2 film due to surface roughness [40] 
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Photovoltaic works by absorbing certain wavelength range of sunlight then turns it into 

electric charge. The majority of wavelength range is in visible light which between 400-

750 nm which is within human eyes detection range as shown on Figure 15 [43]. Thus, the 

effective transparency of photovoltaic cover glass coating can be determined easily by 

human eye. If it has good transparency so it is good candidate to be a cover glass coating 

for photovoltaic. However, the accurate measurement for this transparency factor is needed 

by using photospectrometer. Since the application of self-cleaning can be extended to other 

applications such as windshields which needs to have visible light transparency, it is better 

to set the transparency range in visible light wavelength (400-750 nm). 

 

Figure 15 Spectral response of various solar cell [43] 
















































































































































