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Abstract  
The lotus leaf is one of the most common examples of a superhydrophobic surface. 
The hierarchal structure of the leafs are considered to be one of the factors 
contributing to this extreme hydrophobicity, and is in focus in research of creating 
superhydrophobic surfaces. There is a range of different methods for developing a 
fabric with superhydrophobic properties, though all of them require two key 
elements; nano and micro-roughness and hydrophobic compound. It has been 
found not to be one agreed definition of superhydrophobicity. It is claimed a low 
roll-off angle and/or contact angle hysteresis is required beyond a contact angle of 
150°, and some have claimed only a contact angle exceeding 150°. Many of these 
superhydrophobic surfaces does also show a self-cleaning effect, meaning water 
drops rolling off the surface will drag dirt particles with it. These extremely 
hydrophobic surfaces can be used for applications where for example 
contamination and water repellence is wanted.  
 
Water repellent fabrics with superhydrophobic properties have been constructed 
during this diploma work.  First the fabrics were woven using six different weft 
yarns creating micro roughness and then a nanoparticle and surface energy 
lowering treatment was made. Contact angle measurements, contact angle 
hysteresis measurements, roll-off angle measurements and spray tests were made 
on the fabrics to investigate the hydrophobicity and water repellence. Also the 
durability was tested to examine the fastness of the treatments. It was found that 
the nanoparticles boosted the hydrophobicity of the hydrophobic treatments. Also 
by varying the size of textile filaments in yarns, the hydrophobicity of the material 
was affected. The durability of the fabrics and the extent the treatments attach to 
the fibers has been found eminently influenced by the fiber characteristics. A SEM 
was used to analyze the fabrics and confirmed the result that different amounts and 
different sized filaments in a yarn will affect the durability and treatment properties 
of the fabrics.  
 
In this study, it was found how small textile parameters in the fabric could be 
changed to increase both durability and water repellence. Even though a contact 
angle over 150° was reached in this study, the same sample showed wetting in 
spray test. This has shown to be due to the level the water drop sticks to the surface 
and how easy it rolls off. To look at the end use of the product to characterise the 
textile material with relevant and complementary methods was found to be of great 
importance. 
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Popular abstract  
Today there is an increasing interest of extremely water repellent materials, both in 
research and commercial market. Some of these materials are even so-called self-
cleaning, which means water drops on the material will drag soil particles with it 
when rolling of the surface. These extremely water repellent materials can be used 
for both commercial and industrial applications where repellence of for example 
water and soil is wanted.  
 
The awareness and market demand of environment sustainable options in the field 
of water repellent fabrics are increasing; hence development in this area is vital. If 
small changes in textile parameters of the fabric can be made to increase the 
performance, a cheap and environmental sustainable way of increasing the water 
repellence could be created. This means that different yarns might have different 
influence in the water repellent fabric.  
 
In this study, tailored textile materials with nano-sized particle and water repellent 
treatment were developed. The fabrics were tested for the level of water repellence 
as well as for the durability and analyzed microscopically to confirm the results. 
The microscopic study also gave answers why there were such large differences 
between the fabrics performance where only the weft yarn differed them. 
 
This study has investigated how the fabric itself influences the water repellence, 
and which textile parameters that can be tuned to improve this. The appearance of 
the textile yarn in the fabric will influence the durability and level of water 
repellence, and so a change of yarn can increase the performance. There has been 
found to be a lack in research of understanding how textile properties influence the 
water repellence, which this study hopefully can contribute to fill.  
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Introduction  
Superhydrophobic surfaces show extreme water-repellence, where water droplets 
are resting on the surface with high contact angles. (Newton et al., 2008) These 
surfaces have drawn large interest in both research and commercial applications. 
Such materials will bring great advantages in both industrial processes and daily 
life, such as preventing contamination and oxidation on such a surface or for 
extreme water repellence. Basically, superhydrophobic surfaces have mainly been 
produced in two different ways. Either a rough surface is created on a hydrophobic 
substrate (a surface with a contact angle over 90°) or a rough surface is modified 
with a hydrophobic compound to lower the surface energy (Feng et al., 2002). 
Either way, the surface topology and the chemical compositions are the main two 
factors to be considered when developing superhydrophobic surfaces. Other 
properties than water repellence incorporated in superhydrophobic surfaces are for 
example transparency, antibacterial, UV-protective and electrically conductive 
among others (Newton et al., 2008, Hill and Ma, 2006, Rojas and Song, 2013).  
 
The most common used example of a superhydrophobic surface is the lotus leaf 
and its hierarchal structure. The lotus leafs has inspired many researchers because 
of its not only very hydrophobic character but for its self-cleaning properties. On 
the lotus leaf surface, drops of water remain almost spherical and easily roll off, 
removing dirt particles in their path (Lammertink et al., 2006). Hence a 
superhydrophobic surface is often referred to as self-cleaning (Fortunato et al., 
2008). For obtaining a self-cleaning property, the materials needs to have a low 
inclination angle (under 10°) where the drops roll off the surface and a low contact 
angle hysteresis, a measure of the drops deformability and stickiness to the surface 
(Guo et al., 2011). There is a great desire to produce self cleaning surfaces for 
satellite dishes, solar energy panels, exterior architectural glass and green houses, 
and so on. Non-wettable surfaces also give the ability to prevent frost forming on 
materials. This gives superhydrophobic surfaces applications in for instance piping 
and boat hulls (Hill and Ma, 2006). 
 
Nature does not need surface lowering materials such as fluorocarbons to obtain 
superhydrophobicity, but has only wax crystals as hydrophobic medium. Hence the 
morphology of the materials micro and nano sized roughness seems to be a key in 
creating such a surface. (Hill and Ma, 2006) To create this kind of topology on a 
textile material, modification is needed in the nano range. Textile filaments are 
mainly in the size of the lotus micro numbs but the nano sized topografy needs to 
be added to the textile surface (Fortunato et al., 2008). The roughness of the textile 
fabric is influenced by the type of yarn used. For instance, a multifilament yarn 
will give the surface higher roughness compared to a monofilament yarn (Lee, 
2011). Since the roughness to a larger extent seems to be influencing the 
hydrophobic behaviour, the character used in textile material should also have 
impact on the hydrophobicity.  
 
The following study gives a systematic insight into textile parameters and the 
hydrophobic behaviour. Different nanoparticles for creating nano-roughness on the 
textile surface are investigated together with different yarn types and hydrophobic 
mediums. The definition for superhydrophobicity is investigated and different 
hydrophobic and superhydrophobic concepts relevant for water repellent textile 
materials have been examined. 
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Literature review    
Wetting models 
There are three different interfacial surfaces involved in a liquids wetting of a 
solid. These are solid-liquid, solid-air and liquid-air (Wenzel, 1936). A water drop 
behaviour on a plane solid surface depends on the relationship of the surface 
tension (γ) of the two superficial surfaces solid/air – solid/liquid (γSA- γSL) to the 
value of the surface tension of the water-air interface (γLA) (Baxter and Cassie, 
1945). The relation between the interfacial surfaces is showed in figure 1. 

 
Figure 1. The three different interfacial surface tensions between solid, liquid and air. 

 
When wetting occurs, solid-air area is replaced by liquid-solid area (Wenzel, 
1936). The ratios between these surface tensions determine the contact angle of a 
water drop on the surface. Thomas Young (1805) described the relation between 
surface tension and contact angle, which easiest can be described by Young’s 
equation:  

cos θe = (γSA - γSL) / γLA  (Equation 1) 

where θe is the equilibrium contact angle on a flat surface (Barthlott and Neinhuis, 
1997b, Young, 1805). According to the Young model, a water drop on a flat 
surface with a contact angle below 90°, the surface is hydrophilic. Likewise, a 
hydrophobic surface has a water drop-surface contact angle above 90°. The 
maximum contact angle is 180° in the Young model (Lee, 2011), which is showed 
in figure 2. Although, the Young equation is only valid for flat surfaces and actual 
solid surfaces are not perfectly smooth (Lee, 2011).  
 

 
Figure 2. To the left a hydrophobic surface is shown with a contact angle over 90° and to the right, a 
hydrophilic surface is shown with a contact angle lower than 90°. 

 
Wenzel describes wetting of rough surfaces and in this model, the liquid fills the 
grooves between the protrusions on the rough surface (see figure 3). The Wenzel 
model is described by equation:  

cos θr
w = r cos θe  (Equation 2)	  

where r is the roughness factor. (Lee, 2011) The Wenzel model also states that a 
hydrophilic surface will become more hydrophilic with increasing surface 
roughness and a hydrophobic surface will become more hydrophobic with 
increasing surface roughness (Lee, 2011, Wenzel, 1936).  
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Figure 3. The figure shows a droplet on a rough surface. To the left the drop fills the grooves on the 
surface, the so-called Wenzel model, and to the right the drop sits on top of the grooves, the so-called 
Cassie-Baxter model. 

 
An extended form of the Wenzel model show how the liquid sits on top of the 
protrusions and grooves, which now are filled with air, on the surface. The air-
filled grooves minimize the contact area between the water drop and surface, which 
can be seen in figure 3. This is called the Cassie-Baxter model and is explained by 
Cassie and Baxter (1944). (Lee, 2011, Baxter and Cassie, 1944) The Cassie Baxter 
equation describes a water contact angle θr

CB at a surface consisting of solid and 
air. The Cassie-Baxter model is described as  

cos θr
CB = f1 cos θ1 -  f2 cos θ2 (Equation 3) 

where θr
CB is the contact angle at a heterogeneous rough surface composed of two 

different materials (for example solid and air) and θ1 and  θ2 are the droplet contact 
angles at the two surfaces.  f1 is the area surface fraction with a contact angle θ1 and  
f2 is the area surface fraction with a contact angle θ2.  When the surface consists of 
only two materials, when air fills the grooves of the solid completely, then f2=1-f1. 
If the liquid does not completely wet the surface, f2 will represent the trapped air in 
the grooves of the solid with a droplet contact area with air θ2=180°. This means 
Equation 3 can be modified to: 

cos θr
CB = fs cosθ + fs -1 (Equation 4) 

fS is the wetted area fraction, the area in contact with the liquid, which is defined by 
Σa/Σ(a+b), where a is the contact area with the liquid and b is the contact area with 
the air. (Rojas and Song, 2013, Lee and Michielsen, 2006) The Cassie-Baxter 
model is the basis for what is called superhydrophobicity. However, even if these 
equations are good in theory, they were not investigated further in this report. 

Superhydrophobicity 
There is not one agreed definition of superhydrophobic surfaces in research. A 
superhydrophobic surface is defined as having a contact angle (CA) with water, the 
angle a liquid makes with a solid, greater than 150°, and a roll-off angle lower than 
5° (Lee and Michielsen, 2007), which is the angle the substrate must be tilted for 
the drop to roll over the surface. Definitions as having a water contact angle greater 
than 150° and a roll-off angle lower than 10° (Rojas and Song, 2013, Newton et al., 
2008, Guo et al., 2011) is also found but generally superhydrophobicity is just 
defined as surfaces having a CA larger than 150° (Guo et al., 2011, 
Kampeerapappun et al., 2010). 
 
The contact angle depends on the surface chemistry combined with the surface 
roughness of the material, (Kijlstra et al., 2002, Lee and Michielsen, 2007) and 
droplets tendency to easily roll over a surface is a characteristic often associated 
with superhydrophobic surfaces (Atherton et al., 2010). Though a surface with a 
high contact angle does not have to show a low roll-off angle (Dodiuk et al., 2007, 
Fujishima et al., 2000, Feng et al., 2002). This roll-off angle on the other hand, is 
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depending on the droplet size and the contact angle hysteresis (Δθ), the difference 
between the advancing and receding contact angles (θa − θr). The contact angle 
hysteresis gives a measure of the “stickiness” of the surface and a low contact 
angle hysteresis is causing roll-off (Atherton et al., 2010, Newton et al., 2008, 
Fujishima et al., 2000). Generally the contact angle hysteresis becomes small on a 
superhydrophobic surface (Hao et al., 2010). It is due to contact angle hysteresis 
the droplets stick to the surface (Eral et al., 2012) and the hysteresis can also be 
expressed as the roll-off angle (Feng et al., 2002). The roll-off property of water 
droplets should therefore be evaluated separately from the contact angle (Fujishima 
et al., 2000).  
 
Furmidge was one of the first to describe a relationship between the contact angle 
hysteresis and the rolling-off angle, which is explained in the so-called Furmidge 
equation (Furmidge, 1962): 

mg sin α = w γLV (cos θR - cos θA) (Equation 5) 

where α is the roll-off angle, m is the weight of the water droplet, w is the width of 
the droplet, γLV is free energy of the liquid at the liquid-gas interface, and θR and θA 
are the receding and advancing contact angles respectively (Fujishima et al., 2000, 
Dodiuk et al., 2007). 
 
This equation indicates that surfaces with the same contact angle hysteresis values 
do not always show the same water sliding angles. This is according to Fujishima 
et al. (2000) because the droplets m/w value varies with different contact angles. 
(Fujishima et al., 2000, Dodiuk et al., 2007) 
 
-Natural 
The leafs of the lotus plant (Nelumbo nucifera) is perhaps the most common 
known example of a superhydrophobic self-cleaning surface (Barthlott and 
Neinhuis, 1997b). The hierarchical surface structure of the lotus leaf is formed by a 
combination of two different sized layers. Small protruding micro sized nubs (see 
figure 4) are covered with epicuticular wax crystals that create nanoroughness 
structure on the surface (Barthlott et al., 2011b, Lammertink et al., 2006, Barthlott 
and Neinhuis, 1997a). The combination of these surface structures and 
hydrophobic wax material is the reason for the superhydrophobicity of the lotus 
(Guo et al., 2011). The nanoroughness reduces the contact area and the adhesion 
between particles and the surface. The contact area between the particles and a 
water drop is larger than that between the particles and surface, which makes the 
particles adhere to the water drops surface. This is what gives the self-cleaning 
property of the lotus leaf (Barthlott and Neinhuis, 1997a). 
 
The wax crystals create nanoroughness in the size range of 70-120 nm (Guo et al., 
2011, Barthlott et al., 2011a) and are 0,3-1 µm long.  There are approximately 200 
tubules per 10 µm2 (Barthlott et al., 2011a). 
 
The protruding nubs are around 10-20 µm high (Agarwal et al., 2009) and have an 
average diameter of 3-12 µm with a distance of approximately 10-20 µm apart 
creating the grooves (Guo et al., 2011, Chen et al., 2012, Agarwal et al., 2009). 
 
The Lotus leafs attain a water contact angle of approximately 160°, for a water 
droplet having a size of 2-3 mm diameter, and 0° roll-off angle having only wax 
crystals containing mainly –CH2– groups. It does not require surface energy 
lowering groups such as fluorocarbons to achieve a superhydrophobic effect.  
(Barthlott and Neinhuis, 1997a, Hill and Ma, 2006)  
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Figure 4. Closed up picture of the lotus leaf structure in 1,024 × 768 pixels. Copyright free picture 
from Thielicke (Thielicke, 2007). 
 
- Artificial 
There is a great and increasingly number of research for mimicking the nature and 
producing artificial superhydrophobic surfaces. The combination of hierarchical 
roughness and a low surface free energy material result in fabrication of 
superhydrophobic surface (Guo et al., 2011, Barthlott and Neinhuis, 1997a). To 
create an artificial superhydrophobic surface inspired by the lotus leaf structure, 
two approaches can be employed. These are creating a hierarchical structure in 
micro and nano size on an already hydrophobic substrate or creating a hierarchical 
structure on a substrate and then chemically modify it with a low surface free 
energy material (Guo et al., 2011, Hill and Ma, 2006). 
  
There are one-step processes to create a superhydrophobic surface with the 
advantage of simplicity, but a process involving more than one step, for example 
making a rough substrate first and then modifying it with a low surface energy 
material, separates the surface free energy properties from the bulk properties of 
the material. (Hill and Ma, 2006) This does according to Hill and Ma (2006) 
enlarge potential applications of superhydrophobic surfaces since the one step 
processes are limited to a smaller set of materials.  

Hydrophobic mediums  
As mentioned above, both surface roughness and hydrophobic medium is required 
to obtain a superhydrophobic artificial surface. In this research, the hydrophobic 
medium and roughness medium is investigated separately. Materials with low 
surface energy include fluorocarbons, silicones, some other organic materials such 
as paraffinic hydrocarbons, which is commonly found in nature, polyamide, 
polycarbonate, polystyrene, polyethylene and alkylketene dimer. Some inorganic 
materials such as different metal oxides and dioxides are also used (Hill and Ma, 
2006, Rojas and Song, 2013). Fluorocarbons show the lowest surface energy 
known (Rojas and Song, 2013) but again, these extremely low surface energy 
materials is not necessarily required to obtain a superhydrophobic material.  
 
Perfluorinated compounds (PFC) are organic substances containing a hydrocarbon 
backbone substituted with fluorine atoms. The bonds between the fluorine and 
carbon are very stable giving the substances high chemical and thermal stability. 
PFC compounds are classified as persistent and many of them strongly bio 
accumulative. Experiments have shown uptake of PFCs can occur by inhalation, 
oral or dermal exposure. They are not lipophilic and bind preferable to proteins and 
is stored in the blood and liver. These compounds have been in use for more than 
50 years. Typical areas of usage are in hydrophobic/oleophobic coatings for textile 
and non-stick coatings in for example cooking ware. Contaminated food and 
drinking water is one path which the compounds can enter the body. PFCs have 
been detected in food products such as meat, grains and plant products, fish and 
dairy products and so also in humans. As much as 73% of fluorinated compounds 



 12	  

in spray impregnated textile for commercial use can be released from laundry 
during the garment lifetime. (Brunn et al., 2011, KEMI, 2006) 
 
Directives to limit the use of PFC are set in EU since 2006. The directives ban 
some of the fluorinated compounds, which shows effort is made to restrict and 
minimise the use of PFC (Directive, 2006, Directive, 2010). 

Roughness 
A textile fiber can be regarded as creating the micro roughness in the hierarchical 
structure of a superhydrophobic fabric. Hence textile fabric will have 
microstructure created by the fibers and macrostructure created by the fabric 
structure, such as the weave. Textile parameters such as fiber density, size, 
distribution of filaments, combined with the micro- and macroscopic structure of 
the textile fabric will affect the superhydrophobic effect. (Fortunato et al., 2008) A 
multifilament yarn will have even higher roughness values than monofilament 
yarns, since the space between the fibers will increase the active surface area while 
the apparent surface area remains the same (Lee, 2011). 
 
By analyzing scanning electron microscopy (SEM) pictures of textile fibers, an 
approximate size of the fibers can be found. Textile fibers such as cotton, wool and 
polyester studied by SEM technique are measured to be around 10-20 µm in 
diameter and the distance between the fibers in a woven structure can be measured 
to be somewhere between 10-30 µm apart. (Fortunato et al., 2008, Men et al., 
2012, Chen et al., 2008, Cai et al., 2010)  
 
- Nanoroughness 
Nanoroughness can be created through a couple of different methods. From what 
can be read in literature, either etching and lithography of a substrate is made or a 
chemical deposition to the substrate is done. (Rojas and Song, 2013, Hill and Ma, 
2006) 
 
Nanoparticles possess a large specific surface area and high surface energy, which 
combined with its small size makes them bond to a textile substrate (Ashraf et al., 
2013, Dhurai et al., 2009, López-Haro et al., 2012). The durability of the treated 
textile then depends on covalent attachment of the polymer to the fabric substrate 
(Offord et al., 2005). To increase the affinity, a specific binder can be used when 
applying the nanoparticles to the fabric (Ashraf et al., 2013, Dhurai et al., 2009, 
López-Haro et al., 2012). 
 
There are different materials and methods used to develop nanoroughness on a 
textile substrate and each process has its advantages and disadvantages. For 
example textiles treated with sol-gel prepared silica nanoparticles can make the 
fabric stiff due to cross-linking and reduces its tear strength. Plasma etching can 
generate roughness on substrates but for textiles, it is difficult to use due to 
complex textile structure. (Ashraf et al., 2013)  
 
Nanoparticles 
Out of all available nanomaterials, it was chosen to look into zinc oxide and fumed 
silica nanoparticles. The zinc oxide was chosen because of the easy and 
environmentally non-harmful production. The fumed silica is chosen due to 
availability and quickly being able to obtain a homogenous dispersion. The fumed 
silica also draw interest because of the availability of investigating both 
hydrophobic and hydrophilic silica.  
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- Zinc oxide 
Zinc oxide (ZnO) is a versatile functional material and shows different physical 
and chemical properties depending upon the morphology of nanostructures. The 
material has desirable properties such photo-catalytic, electrical, electronic, optical, 
dermatological, and antibacterial making them widely used in different areas. Zinc 
oxide is non-toxic and chemically stable under exposure to high temperature and 
are capable of photo-catalytic oxidation. The material has a diverse group of 
growth morphologies, such as nanocombs, nanorings, nanohelixes/nanosprings, 
nanobelts, nanowires and nanocages. (Dhurai et al., 2009, Wang, 2004, Kumar et 
al., 2013) 
 
Dhurai et al. (2009) treated textile fabrics with different construction and material 
composition with ZnO nanoparticles. The fabric samples were soaked in a 2-
propanol dispersion of ZnO nanoparticles, mangled and finally dried to obtain a 
UV protective finishing. The fabrics went through a couple of washes. After 25 
washes, no significant change in UV protection could be seen, which according to 
Dhurai et al. (2009) depends on that the nanoparticles have bonded strongly to the 
surface even without the use of a binder. (Dhurai et al., 2009) 
 
He et al. (2009) synthesized ZnO nanostructures with various morphologies and 
crystalline sizes by microemulsion. The assistance of PEG400 additive was used as 
a structure-directing agent. ZnO nanostructures synthesized at different PEG400 
concentrations. As an example, monodispersed ZnO nanocolumns and nanosphares 
smaller than the size of 100 nm were obtained. (He et al., 2009) 
 
Agrawal et al. (2007) investigated the photocatalytic activity of TiO2 and ZnO 
finishing on cotton textiles. The synthesized nanoparticles were applied onto the 
cotton fabric using an acrylic binder. ZnO nanoparticles photocatalytic or self-
cleaning activity was dependent on the particle size.  Small particle size (<10 nm) 
showed a significant photocatalytic activity while much larger particle sizes did not 
show significant activity. (Agrawal et al., 2007) 
 
Liao et al. (2002) have showed that variations in solvent, precursor, reaction 
temperature and time, and the basic level of the solution have significant effects on 
ZnO morphology. By decomposing Zn(OH)4

2- or Zn(NH3)4
2+  precursors in 

different solvents, ZnO nanoparticles were made where the morphology of ZnO 
could be effectively controlled. The nanoparticles obtained shapes like flower, 
snowflake, prism-like, sphere, and rod-like. As an example, the flowerlike ZnO 
was obtained by treating Zn(OH)4

2- precursor in water at 180 °C for 13 h. (Liao et 
al., 2002) 
 
Synthesis of ZnO nanoparticles by the microemulsion reaction method 
There have been strong interest in investigate different methods for the synthesis of 
ZnO nanoparticles with controlled size and shape. Microemulsion is a versatile and 
uncomplicated preparation procedure for production of ZnO nanoparticles with 
controlled the size and morphology (Durucan and Yıldırım, 2010). It consists of a 
two-phase dispersion of for example, nanometre sized oil droplets dispersed in a 
continuous water medium. Surfactants are needed to stabilize the droplets, which 
are dispersed in the continuous phase. It can effectively produce a variety of 
nanoparticle shapes and sizes and protect the nanoparticles from excess 
aggregation (Barroso et al., 2011). A common method to prepare nanoparticles is 
by water in oil (W/O) microemulsions. All though the W/O emulsions have a great 
disadvantage. The method use large amounts of organic solvent as continuous 
phase, which is environmentally incriminating. By using oil-in-water (O/W) 
microemulsions, the continuous phase is water, making the method greener. The 
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method also allows good control of the nanoparticle size (Pemartin et al., 2012). 
 
O/W microemulsions are produced by dissolving a metal precursor in oil droplets, 
which generally is composed of hydrocarbons or esters. The two reactants will 
meet at the oil-water interphase and react to form precipitates of nanometric size 
enclosed in the middle of microemulsion droplets. The oil droplets are stabilized by 
a monolayer of surfactant and dispersed in the continuous aqueous phase. A great 
number of nanomaterials could be synthesized by this method for instance metallic 
and bimetallic nanoparticles, metal oxides and core-shell structures among others. 
(Sanchez-Dominguez et al., 2009, Pemartin et al., 2012) 
 
One of the most common used organometallic precursors so far are 2-
ethylhexanoates of the metal of interest because of its availability for a wide 
number of elements, inexpensive, air-stable, and high solubility. In the O/W 
microemulsion method, the nanoparticle precipitation can be carried out by simply 
adding a base (ammonia, NaOH, etc.) at temperatures between 20 and 40 °C. Small 
metal nanoparticles and nanocrystalline metal oxide with a narrow particle size 
distribution can be obtained under mild conditions. It is possible to vary the 
particle size by changing the microemulsion system for example can the particle 
size increase with increasing oil phase. (Sanchez-Dominguez et al., 2009) 
	  
- Fumed silica nanoparticles 
Silica can be made both hydrophobic and hydrophilic. Due to silanol groups  (Si-
OH) on the surface, the silica is in the basis hydrophilic. Various hydrophobic 
groups can be reacted with these silanol groups to achieve hydrophobic silica. 
Normally, these hydrophobic groups consist of alkyl or polydimethylsiloxane 
chains. (Bahattab et al., 2012) 
 
Fumed silica is also called pyrogenic silica because production is carried out in a 
flame. The fumed silica consists of amorphous silica droplets fused into branched, 
chainlike particles, which then agglomerate. (Bahattab et al., 2012) 
	  
The use of fumed silica to obtain an increase in hydrophobicity of a cotton fabric 
compared to using only hydrophobization medium is reported by Pipatchanchai 
and Srikulkit (2007). The application of fumed silica improved the contact angle of 
the fabric. Fumed silica with surface area of 200 m2/g and average particle size of 
14 nm was impregnated on cotton fabric by padding technique. The fabric was then 
treated with a hexadecyltrimethoxysilane emulsion for hydrophobic properties. The 
research showed that fumed silica added roughness to the fiber surface. Fourier 
transform infrared spectroscopy (ATR/FTIR) and SEM analysis showed good 
coating durability of the fabrics after 10 wash cycles. (Pipatchanchai and Srikulkit, 
2007) 
 
It is suggested by Pipatchanchai and Srikulkit (2007), some kind of 
homogenisation or grinding must be used in order to disaggregate the agglomerated 
silica particles into well-dispersed colloidal particles. Pipatchanchai and Srikulkit 
(2007) used ultrasonic bath to decrease the size of the particles to approximately 
200 nm. (Pipatchanchai and Srikulkit, 2007) 

Research of superhydrophobic materials 
In the mid 90s, there were at least two studies that came to be important for the 
research in superhydrophobic materials. Onda et al. (1996) at Kao Corporation 
demonstrated artificial superhydrophobic surfaces made of alkylketene dimer with 
a contact angle of 174°. Since then, a large number of ways to produce rough 
superhydrophobic surfaces have been reported. (Hill and Ma, 2006, Onda et al., 
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1996) Barthlott and Neinhuis (1997b) were one of the first to reveal the micro and 
nano structure of the lotus leafs using a scanning electron microscope. They also 
study the chemical material present on the lotus leafs. For the first time the 
interdependence between surface roughness, reduced particle adhesion and water 
repellence was shown to be keystones in the self-cleaning property of the lotus 
leafs and other biological surfaces. Since then, attention to the nano and micro 
sized roughness increased when producing artificial superhydrophobic surfaces. 
(Barthlott and Neinhuis, 1997b, Latthe et al., 2014) 
 
Today, there are a vast number of projects in the area of superhydrophobicity and 
the number has increased fast over the last years. To mention some procedures for 
creating a superhydrophobic surface using different material a selection of 
available current research is examined below, to show the wide range of methods 
and materials available for creating a superhydrophobic surface.  
 
Khalil-Abad and Yazdanshenas (2010) incorporated Ag particles to produce 
surface roughness with antibacterial effect on cotton fabrics. The fabric was then 
grafted with octyltriethoxysilane to obtain superhydrophobicity. Even though both 
the cotton fibers and the silver particles were covered by an octyltriethoxysilane 
layer, Khalil-Abad and Yazdanshenas (2010) showed the surface features obtained 
from the silver particles were maintained. The silver nanoparticles had sizes from 
100 to 500 nm and the highest contact angle obtained were 151° for 10 µL water 
drop. (Khalil-Abad and Yazdanshenas, 2010) 
 
Lee and Michielsen (2007) grafted poly (acrylic acid) (PAA) onto woven 
Polyamide 6.6 to increase the number of reactive sites of the substrate for further 
grafting with the low surface tension materials 1H, 1H-perfluorooctylamine or 
octadecylamine. The wetting behaviour of the superhydrophobic woven fabric was 
compared to smooth fabrics. PA 6,6 multifilament plain-woven fabric (100 g/m2), 
PA 6,6 monofilament plain-woven fabric (100 g/m2), PA 6.6 film and PA 6,6 
calendared monofilament modified twill woven fabric (100 g/m2) were used as 
smooth or rough surfaces. The woven multifilament fabric showed best 
superhydrophobicity having greatest water contact angle, as high contact angle as 
168° were obtained with both the perfluorooctylamine and octadecylamine. (Lee 
and Michielsen, 2007) 
 
Cho et al. (2013) prepared a superhydrophobic surface containing silica 
nanospheres by evaporation-driven self-assembly inside water-in-oil emulsions. 
Silica particles were encapsulated in the water-in-oil emulsion and controlled 
aggregation of the silica nanospheres inside emulsion droplets was induced during 
slow evaporation of the water droplets. Finally a fluorine-containing silane-
coupling agent was used to produce superhydrophobic surface. (Cho et al., 2013) 
 
Cai et al. (2012) developed a superhydrophobic surface by one-step sol-gel 
process. They prepared modified silica hydrosols by water based sol-gel method 
using silane compounds as precursors in presence of a base catalyst and surfactant 
(Cai et al., 2012). 
 
Superhydrophobic cotton fabrics were produced through a layer-by-layer method 
of silica nanoparticles (Jia et al., 2009a). The cotton textiles were firstly epoxy-
functionalized and then dipped into amino-functionalized silica nanoparticle 
solution. This process were repeated a couple of times and finally finished by 
grafting steric acid or a perfluorosilica compound on the surface for 
hydrophobization. (Jia et al., 2009a) 
 



 16	  

Ashraf et al. (2013) developed a polyester fabric with superhydrophobic properties 
fabric by growing ZnO nanorods on the textile surface. They used a plain woven 
polyester fabric made up of 9–10 µm thick fibers and a two step process for the 
growth of the nanorods. In the first step they applied seeds on the polyester fabric, 
which had been plasma treated. The seeds attached to the fabric surface due to 
polar groups created by the plasma treatment. In the second step, the ZnO crystals 
or seeds on the fabric were grown to nanorods. Five series of samples with 
different seed concentrations were made. The fabric was then hydrophobized with 
octadecyltrimethoxysilane (ODS) treatment by two different methods; solution 
deposition and vapour deposition. The different nanosizes obtained from the five 
different seed concentrations were: 30 nm, 23 nm, 69 nm, 52 nm and 265 nm. The 
samples with 23 nm and 69 nm sized nanoparticles obtained the highest water 
contact angles and lowest sliding angles of all samples. (Ashraf et al., 2013) 
 
Men et al. (2012) coated a polyester fabric with Ag nanoparticles ([Ag(NH3)2]+), 
followed by surface fluorination to create a superhydrophobic surface. The fabric 
still had water contact angles over 150° and observed rough surface structure after 
long-term exposure to water, finger touching, and abrasion with sandpaper (Men et 
al., 2012). 
 
The original polyester fabric without any treatment showed a highly textured 
microscale fiber with a smooth surface. After Ag nanoparticle deposition, each 
microscale fiber was uniformly covered with a layer of particles in the range of 
100–200 nm. The surface fluorination turned the surface of Ag treated fabric 
superhydrophobic with a water contact angle of 158° and a roll-off angle of 5°. 
(Men et al., 2012) 
 
To create a superhydrophobic topography, Khoddami and Mazrouei-Sebdani 
(2011) examined three different methods on polyester fabrics. The fabrics were 
treated with:  
1. Only fluorochemical 
2. Fluorochemical and nano-silica particles wide range of particle size from 10 to 
400 nm and different concentration 
3. Both treatment 1 and 2 were applied on an acalkaline hydrolysed fabric 
(Khoddami and Mazrouei-Sebdani, 2011). 
An increase in the fluorocarbon concentration resulted in better hydrophobic film 
coverage but consequently lower sliding angle and a lower tenacity. The 
nanoparticles improved the hydrophicity of the fluorocarbon treated fabric. 
Khoddami and Mazrouei-Sebdani (2011) concluded, the larger nanoparticle size 
and the lower concentration, the lower sliding angle. The alkali treatments reduced 
the samples’ roll-off angle remarkably but addition of nanoparticles to the alkali 
treated fabrics did not improve the performance, meaning the alkaline hydrolyse 
method not necessary needs addition of nanoparticles. (Khoddami and Mazrouei-
Sebdani, 2011) 
 
Fortunato el al. (2008) coated totally 11 textile fabrics made from different natural 
and man-made fabrics with polymethylsilsesquioxane (PMSQ) nanofilaments. In 
the coating process, each individual textile fiber in the fabric was coated with a 
layer of hydrophobic nanofilaments. Hence, the technique is not dependent on any 
special fabric structure to generate the superhydrophobic effect. Neither the size 
nor structure of the yarn is analyzed. Among the different fabrics tested, a plain 
woven fabric (140g/m-2) made of spun Dacron polyester showed the best water 
repellent properties of all coated textiles. (Fortunato et al., 2008) 
 
Water shedding angle measurements, which basically is determined similarly as the 
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roll-off angle, and SEM analyzis were made to show the durability and degradation 
of the fabrics. Abrasion testing of the fabric showed that the nanofilament coating 
is mostly retained on the textile sample, showing fairly good abrasion resistance. 
Tensile testing were done on the coated fabrics, which showed that the polyester 
fabric had very good tensile strength and elongation at break after coating 
compared to before coating (a decrease by less than 10%). The mechanical 
properties of a cotton fabric on the other hand were largely reduced by the coating 
procedure. A washing test showed clear indications of both a mechanical and a 
chemical degradation of the coating. (Fortunato et al., 2008)  

Textile Substrate  
-Weaving 
Woven fabrics can be designed to meet different end use requirements. By varying 
the weaving structure, raw materials, yarn structure, yarn count and thread spacing, 
the porosity, strength, thickness and durability can be varied. Basic weave 
structures are plain weave, twill and satin, which all other weave structures are 
developed from. Most woven two dimensional, technical fabrics are constructed 
from simple weaves where minimum 90% of them are plain woven. Characteristics 
of the woven fabric will depend on the fiber used; if it is a monofilament, 
multifilament, staple yarn and so on. And whether it is made from natural or 
synthetic manufactured fibers. Also the weave ability and stiffness of the fabric 
will be influenced from the yarn type. (Sondhelm, 2000) 
 
There are two types of satin weave constructed; weft satin and warp satin.  Weft 
satin is weft-faced weave with binding places arranged to produce a smooth fabric 
with no twill lines. The smallest wave report or weave number able to construct in 
satin weave is 5. The most common used weave number is 5 or 8 because of good 
cover factor (to which extent the area of a fabric is covered by one set of threads), 
firm fabrics and not too long floats, which is why weave numbers over 16 is 
impracticable. Satin fabrics are used in areas such as uniforms, industrial and 
protective clothing. (Sondhelm, 2000) Hence a weft satin with weave number 8 
will give a woven fabric highly dominated by the weft yarn. 
 
-Polyester 
Polyester or poly(ethylene terephthalate) (PET) fibers are the largest volume 
produced of the synthetic fibers and dominate the industry. This is because of their 
many desirable properties such as inexpensive, easy to produce and a wide range of 
physical properties. They are lightweight, have good durability in wash and 
wearing and are strong fibers. In this research the polyester is chosen because of 
their great versatility. Polyester fibers can be found as both filament yarns and 
staple fibers and can be made in various blends, textures, forms and sizes, such as 
multifilament, monofilament and microfibers. Microfiber is defined as a fiber 
having less than 1 denier per filament (dpf), in comparison to normal polyester 
filaments being around 3-5 dpf. (East, 2010) 

Problem description  
Wenzel (1936) and Cassie and Baxter (1944 and 1945) developed the most well 
known basic ideas of superhydrophobicity in the 1930s to 1940s. In recent years 
the amount of research in the area is vast and since Barthlott and Neinhuis (1997b) 
findings of the lotus leafs hierarchal structure, the research of mimicking this micro 
and nano structure has increased. 
 
Many different materials and methods are used for development of 
superhydrophobic surfaces to suite various application areas. (Newton et al., 2008) 
Superhydrophobic textiles and membranes could be useful as water resistant 
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garment and barrier-membranes, and find applications in any kind of textile 
exposure to the environment. Even though textile applications are a large area for 
superhydrophobic materials, existing research that actually is appropriate to water 
repellent textiles have been found insufficient. (Hill and Ma, 2006, Fortunato et al., 
2008)  
 
Literature has shown that nature does not need low surface energy material as 
fluorocarbons to show extreme hydrophobicity; hence it is believed the surface 
roughness is of great influence. (Hill and Ma, 2006) Literature has also shown that 
a superhydrophobic textile can be produced not using hazardous materials such as 
fluorocarbons, but use for example different silanes (Khalil-Abad and 
Yazdanshenas, 2010, Fortunato et al., 2008, Cai et al., 2012, Ashraf et al., 2013). If 
small textile factors such as the fiber structure and size or the amount of filament 
and yarn density can be changed in order to increase the water repellence, a 
sustainable parameter beyond treatment chemistry to influence the water repellence 
can be found. 
 
It has been shown by Lee and Michielsen (2007) that a fabric with multifilament 
yarns showed greater contact angle than a fabric with monofilament yarns. This 
study opens many doors to continue investigate how textile parameters can 
influence the hydrophobicity. The continuation of the research by Lee and 
Michielsen (2007) and to investigate how textile parameters influence the 
hydrophobicity is suggested important to proceed. Research has clearly shown that 
a superhydrophobic surface can be created on textile substrates (Ashraf et al., 2013, 
Khoddami and Mazrouei-Sebdani, 2011, Men et al., 2012, Jia et al., 2009b, 
Fortunato et al., 2008), but how textile factors influence the hydrophobicity is to a 
smaller extent investigated. Hence this research aimed to fill some of the gaps in 
the textile field in the world of superhydrophobic materials.  
 
In the research of superhydrophobic fabrics, the contact angle seems to be most 
frequently measured and spray tests are to a smaller degree made to investigate the 
water repellence. The contact angle indicates the hydrophobicity of the material, 
but for the level of water repellence of textile materials, spray tests are an 
important measurement to perform, especially for the commercial market of water 
repellent fabrics. In this research spray tests are done to measure the repellence 
level together with contact angle, roll-off angle and contact angle hysteresis 
measurements to first get an indication of the materials hydrophobicity but also see 
the water repellent level. These four parameters and their relationship have, as far 
as found, not been not been investigated enough for textile materials, why this 
study will examine these four parameters and what they mean for textile fabrics. 

Research questions  
1. How does the topography on micro and nano level influence a textile material 
hydrophobicity and water repellence? 
 
2. How can the textile surface be modified on micro and nano level to enhance the 
hydrophobicity? 
 
3. How is the fastness of treatments and how will the durability of the modified 
fabrics be? 
 
4. What does the definition of superhydrophobicity mean for water repellent 
fabrics? 
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Materials and methods 	  
The following two sections will describe first the materials used for all practical 
work performed and in the second section the methods for all work performed, 
from weaving to synthesis of nanoparticles. 

Materials 
There are three headlines for the different categories the materials can be divided 
into. These are materials used for the fabric substrates, laboration and testing. 

Fabrics 
All fabrics used were made of polyester because of availability in changing 
density, number of filaments and structure. Bought fabric in polyester (Fabric 1) 
was used for testing until the final samples were made. The final samples consisted 
of polyester fabrics (Fabric 2) woven with six different weft yarns in a weft 
dominated satin structure, to expose the weft yarn as much as possible. 
 
Fabric 1: 
100% Polyester Plain weave from Ohlssons Tyger in Stockholm. 
Warp: Multifilament PET Dtex 360/1 
Weft: Multifilament PET Dtex 360/1 
22 threads/cm in warp 
17 threads/cm in weft 
Weight: 156 g/m2 
 
Fabric 2: 
Yarn in Warp:  
PET Staple fiber Nm 60/2 / Dtex 167/2 
 
Weft yarns:  
1. PET Staple fiber Nm 60/2 / Dtex 167/2  
2. PET Microfiber Dtex 76/96/2 
3. PET Microfiber Dtex 167/256/2 
4. PET Multifilament Dtex 167/48/2 
5. PET Multifilament Dtex 167/12/2 
6. PET Multifilament Dtex 78/34/2 
 
Weaving machine used for weaving fabric 2 was:  
CCI weaving machine at the Swedish School of Textiles in Borås. 
Machine parameters: 
16 heddle frames 
Reed length: 48 cm 
Fabric width: 40 cm 
Reed number: 100/10 

Laboratory material 
Roughness medium ZnO nanoparticles  
The ZnO nanoparticles were synthesized by microemulsion method. The precursor 
zinc 2-ethylhexanoate (CAS: 136-53-8 from Alfa Aesar) was dispersed in the 
oilphase, which consisted of hexane (CAS: 601-037-00-0 from Merck & Co.) 
 
The continuous water phase consisted of deionised water and the surfactant used 
was a Non-ionic surfactant Synperonic™ 91/6-LQ (CAS: 68439-46-3 from Croda). 
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The basic reacting agent was 10% NaOH (CAS: 1310-73-3 From Sigma Aldrich). 
When rinsing the nanoparticles, ethanol 95% (CAS: 64-17-5 from Solveco) 
dispersed in distilled water was used and a centrifuge was used to separate the 
nanoparticles from the solvent. 
 
Roughness medium Fumed silica  
Two different fumed silica nanoparticles was used for creating nanoroughness. The 
first one was hydrophobic silica HDK® H13L from Wacker Chemie AG with a 
size of 110 m2/g. To disperse the hydrophobic silica, ethanol 95% (CAS: 64-17-5 
from Solveco) and deionised water was used.  The second fumed silica was 
hydrophilic silica HDK® V15 from Wacker Chemie AG with size range between 
130-170 m2/g and wad dispersed in only deionised water. 
 
To make a homogen dispersion of the fumed silica, an Ultra-Turrax digital 
disperser was used. 
 
Octyltriethoxysilane finish 
The octyltriethoxysilane hydrophobic treatment was made using 
octyltriethoxysilane (CAS: 2943-75-1 from Sigma Aldrich), ethanol 95% (CAS: 
64-17-5 from Solveco), deionised water and hydrogen chloride (CAS: 7647-01-0 
from Fluka), for obtaining a slightly acetic condition. 
 
Polyhydrogenmetylsiloxan finish  
The polyhydrogenmetylsiloxan hydrophobic treatment was prepared using 
polyhydrogenmetylsiloxan compound from Wacker Chemie AG and an 
organometallic catalyst with di-n-octyltindodecylate and dioctylzinkcarboxylates 
from Wacker Chemie AG. 

Equipments for testing, measuring and analyzing 
Testing tools 
For measuring the contact angle, two different instruments were used. The first one 
was a Portable Contact Angle Measurement Meter PGX at OrganoClick and the 
second one used was called Attension Optical Tensiometer Theta at The Swedish 
School of Textiles in Borås. 
 
The contact angle hysteresis was measured using the Attension Optical 
Tensiometer Theta at The Swedish School of Textiles in Borås, since this 
instrument had a reversed pump function. 
 
The spray tests were carried out using a spray tester for textile fabrics, both at 
OrganoClick and at The Swedish School of Textiles.  
 
Microscopes 
An optical microscope was used for analyzing and get magnified pictures of the 
different yarns used when weaving fabric 2. The microscope used was a Nikon 
SMZ-U with zoom 1:10 at The University of Borås. 
 
For analyzing the final treated fabrics, a lager magnification than that obtained with 
the optical microscope was needed. The treated fabrics was therefore analyzed 
using a scanning electron microscope, model FEI Quanta200 FEG-ESEM at 
Chalmers University of Technology. 
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Method 
The production of a superhydrophobic textile was divided into a couple of steps. 
The first step was to investigate the optimal concentration and type of 
nanoparticles (NPs) and also the hydrophobization mediums for the textile 
substrate. This was done using ZnO nanoparticles and fumed silica nanoparticles 
for roughness mediums, and octyltriethoxysilane (OTES) and 
polyhydrogenmetylsiloxan (PHMS) for hydrophobic finishes. The ZnO have many 
desired properties as described in the literature, and therefore a micro emulsion was 
prepared to produce ZnO nanoparticles. Both hydrophobic and hydrophilic fumed 
silica was used to see possible differences in performance or processing. The 
OTES was chosen because of the uncomplicated preparation and good 
performance reported by Khalil-Abad and Yazdanshena (2010). The second 
hydrophobic medium, PHMS, was decided to be included in the study to increase 
the validity of the results.  

 
The next step was to produce woven textiles using six polyester fibers with 
different sizes, structures and filament size.  
 
The third and final step was to treat the woven fabrics with the optimal 
nanoparticle type ad concentration, and the hydrophobization mediums. The treated 
fabrics were last run through a couple of test methods to find the fibers’ influence 
on the hydrophobicity and water repellence. 

General methods 
First the practical work preparing the materials (nanoparticles and hydrophobic 
treatment) used for fabric treatment, the fabric preparation and test methods are 
explained, and then the actual fabric treatment is described. 
 
ZnO nanoparticles  
The synthesis of ZnO nanoparticles was reported elsewhere by Pemartin et al. 
(2012). To shortly summarize the method, the surfactant was added to deionised 
water and the oil phase mixed with hexane was then slowly added. The pH 
measured 7 before adding a 10% NaOH solution until the pH measured 12 
(Pemartin et al., 2012). 
 
Once the synthesis was completed, the nanoparticles had to be separated from the 
solution, which was done stepwise by centrifuging the micro emulsion in 3000 rpm 
for 10 min. The liquid could then be decantated. After centrifugation, the 
nanoparticles were rinsed, which was done by adding a solution of 1:1 
ethanol/distilled water into the flasks with nanoparticles. The test tubes were 
shaken until the nanoparticles were evenly dispersed in the ethanol solution. The 
micro emulsion was again centrifuged in 3000 rpm for 10 min. The rinsing was 
repeated five times to make sure any residue of surfactant were removed and the 
pH was neutral. 
 
The dry weight of ZnO nanoparticles was 10,78% of the wet weight. 
 
The fabrics treated with ZnO NPs were padded in the solution, pressed between 
rollers and thereafter dried at either 150 °C or 170 °C for 5-8 min.  
 
Fumed silica HDK® H13L - Hydrophobic silica nanoparticles 
The hydrophilic fumed silica nanoparticles were prepared by first making a 
solution of 1:1 water/ethanol as dispersion medium. Ethanol was used in order to 
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disperse the silica since it is hydrophobic and not-water soluble. Four different 
concentrations of fumed silica nanoparticles were prepared. 
 
1% w/w fumed silica H13L 
2% w/w fumed silica H13L 
4% w/w fumed silica H13L 
5% w/w fumed silica H13L 
 
The three different concentrations of fumed silica were added to 1:1 water/ethanol 
solution. 150 g of each concentration was prepared. The solution was stirred using 
an Ultra-Turrax digital disperser at 7000 rpm for 10 min. The digital disperser 
works as a homogeniser to disaggregate the silica particles. After homogenization, 
the solution was ready for fabric treatment. 
 
The fabrics treated with Fumed silica H13L were padded, pressed between rollers 
and dried at 150 °C for 5 min. 
 
Fumed silica HDK® V15 – Hydrophilic silica nanoparticles 
The batches with different concentration were prepared by dispersing the 
hydrophilic fumed silica nanoparticles in deionised water. The different 
concentrations are listed below: 
 
2% w/w fumed silica V15 
3% w/w fumed silica V15 
4% w/w fumed silica V15 
5% w/w fumed silica V15 
7% w/w fumed silica V15 
 
The fumed silica and water were blended to make at least 50 g of each 
concentration. The solution was stirred using an Ultra-Turrax digital disperser at 
7000 rpm for 10 min.  
 
The fabrics treated with Fumed silica V15 were padded, pressed between rollers 
and dried at 150 °C for 5 min. 
 
Octyltriethoxysilane hydrophobic finish 
Method 1: The method for OTES hydrophobization medium was reported 
elsewhere (Khalil-Abad and Yazdanshenas, 2010), but to shortly describe the 
method a summary follows. An octyltriethoxysilane solution was made by adding 
3% (volume) in a 9:1 ethanol/water solution. The pH of the ethanol/water mixture 
was adjusted to 3.5–4 before adding the octyltriethoxysilane. The fabrics were 
soaked using HCl and reacted for 18h at room temperature. After the reaction, the 
excess octyltriethoxysilane was rinsed away with ethanol. The sample was then 
dried in air and cured at 120 °C for 1 h. (Khalil-Abad and Yazdanshenas, 2010) 
 
The octyltriethoxysilane method reported by Khalil-Abad and Yazdanshenas 
(2010) was further modified to find optimal conditions. Method 2 was made to see 
if the production of the OTES treatment can be made simpler, shorter and with 
milder conditions. Method 3 was made to see if the ethanol content could be 
decreased to obtain a solvent with larger percentage having water as dispersion 
medium. 
 
Method 2: An octyltriethoxysilane solution was made by adding 3% (volume) in a 
9:1 ethanol/water solution. The pH of the ethanol/water mixture was adjusted to 
3.5–4 before adding the octyltriethoxysilane. The fabrics were padded in the 
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solution, pressed between rollers and dried at 100 °C for 3 min followed by curing 
at 170 °C for 3 min. 
 
Method 3: An octyltriethoxysilane solution was made by adding 3% (volume) in a 
1:1 ethanol/water solution. The pH of the ethanol/water mixture was adjusted to 
3.5–4 before adding the octyltriethoxysilane. The fabrics were padded in the 
solution, pressed between rollers and dried at 150 °C for 5 min followed by curing 
in 170 °C for 3 min. 
 
Polyhydrogenmetylsiloxan hydrophobic finish  
A polyhydrogenmetylsiloxan solution was prepared according to Wacker Chemie 
WS60E TDS by adding acetic acid into deionised water until pH reached 4-5. First 
30 g/l of the silicone emulsion was added to the acetic solution during stirring, and 
then 3 g/l of the catalyst was added.  
 
The fabrics were padded and pressed between rollers and then dried at 100 °C for 3 
min followed by curing at 170 °C for 3 min.  

Fabric Preparation 
The textile substrate needs to be washed to remove any possible impurities, which 
can affect the surface treatments. Washing of textile samples can be done with for 
example ethanol and de-ionized water or with a non-ionic detergent. (Jia et al., 
2009a, Li et al., 2012, Khoddami and Mazrouei-Sebdani, 2011)  
 
Fabric 1 was washed in Husqvarna washing machine 1040 with 3 g IEC Non 
Phosphate reference detergent A (SDC enterprises limited) per 100 g of fabric. 
After washing, the fabric was dried in a drying cabinet at 40 °C for 2 h. The fabric 
was then cut into test pieces with a size 20*20 cm. 
 
Fabric 2 was cut into test pieces with size: 20*20 cm. The edges of each test piece 
were zigzag sewn with white polyester thread. All samples were then washed in 
Husqvarna washing machine 1040 with 3 g IEC Non Phosphate reference detergent 
A (SDC enterprises limited) per 100 g of fabric.  
 
There is different textile finishing methods for fabric treatment. In this study, all 
fabrics were treated by a dip-pad process, where the fabric first is immersed in a 
bath containing the treatment composition, which is the dip process. The fabric is 
then passed through rollers to squeeze excess solution out, being the pad step. 
Drying and curing is then performed to allow reaction of the polymer with itself 
and the textile. (Offord et al., 2005) 

Test methods 
- Spray test 
The level of water repellence is measured with a spray test. This can be done in 
accordance to standards. Fluorocarbon based repellent finishes usually obtains the 
highest value of water repellence. (Ozcan, 2007) The scale for analysis is usually 
from 1-5, where 1 is complete wetting and 5 is no water drop remaining on the 
fabric. The spray test in this report was carried out according to SS-EN 24 920 
standard using 250 mL deionised water. 
 
- Contact angle  
To characterize the superhydrophobic effect, the water contact angle needs to be 
measured. This is most simply carried out by a commercial contact meter. The 
measurements should preferable by carried out at five different positions of the 
fabric. (Jia et al., 2009a, Ashraf et al., 2013, Li et al., 2012) It is not always 
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revealed in literature how large the drop-volume is in the contact angle 
measurements. In cases when volume is told, most commonly a 5µL water drop is 
placed on five different places on the substrate to measure the contact angle. The 
result is an average value of the five measurements (Li et al., 2012, Cai et al., 2012, 
Chen et al., 2008, Jia et al., 2009b).  
 
The contact angle was here measured using Portable Contact Angle Measurement 
Meter PGX. An approximately 5 µL sized drop was placed and the contact angle 
measured on 10 different places on the fabric. The contact angle was also measured 
with Attension Theta Tensiometer by placing an approximately 5 µL large water 
drop on five places on each fabric.  
 
- Contact angle Hysteresis and Roll-off angle 
There are three different experimental methods for determining the static contact 
angle hysteresis. The first method is a tilting method where a drop is placed on a 
substrate, which slowly is tilted and the advancing and receding contact angles are 
measured when the drop begins to move. The second is a sessile drop method 
whereby liquid is pumped into and out of a droplet to achieve the advancing and 
receding angles. The third method is called the Wilhelmy method, where the 
surface is lowered into and pulled out of a bath to achieve the advancing and 
receding contact angles. (Atherton et al., 2010, Eral et al., 2012)  
 
The contact angle hysteresis was here measured by the sessile drop method using 
Attension Theta Tensiometer, where the advancing and receding contact angles 
was measured at five places on the samples. A 3 µL drop was placed on the fabric 
by a needle. The needle was then brought close to the surface and the volume of 
the drop was slowly increased until the base line started to move. When the base 
line started to move, the advancing angle was measured. The volume of the droplet 
was then decreased gradually and when the base line started to move again, the 
receding contact angle was measured. See figure 15 in Appendix 2. This was 
repeated on five different places on the fabrics. The hysteresis was calculated 
through the difference between the advancing and receding angles. The highest and 
lowest contact angle hysteresis was removed and the average hysteresis was 
calculated from the three remaining values. 
 
The roll off angle is measured placing a drop on the surface and tilting the substrate 
until the drop starts to move. The angle the surface is tilted when the drop moves or 
starts to roll is the roll-off angle. (Atherton et al., 2010) The roll-off angle was 
measured manually by placing a 5 µL drop on the sample surface and then tilting 
the surface until the drop started rolling. The angle where the drop started rolling 
was estimated with an angle gauge. The test was done three times on each sample 
and the average roll-off angle was calculated from the three valued obtained. Only 
the samples with both fumed silica V15 and PHMS or OTES were tested.   
 
- SEM 
To characterize the fabrics’ morphology both an optical microscope and a so-called 
scanning electron microscopy (SEM) was used. The SEM provides high resolution 
combined with high magnification images of the fabric topography (Li et al., 2012, 
Ashraf et al., 2013, Jia et al., 2009a). 

Step 1. Investigating nanoparticles and hydrophobic mediums 
 
ZnO nanoparticles 
1. Finding optimal ZnO concentration and condition 
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Different concentrations of nanoparticles were tested to see changes and find the 
optimal concentration for the thesis. The start-off concentration using 5 % 
nanoparticles was based on Dhurai et al. (2008) since their method showed the 
nanoparticles bound with high durability to the fabric without the use of a binder. 
Further more, a second concentration was made with 1,25 % nanoparticles. The 
method for fabric treatment used was done based on a procedure reported by 
Dhurai et al. (2008), with changes of dispersion medium to deionised water and 
curing temperature and time to 150 °C up to 170 °C for 5 to 10 min (Dhurai et al., 
2009). Different curing temperatures and time were tested to see if differences in 
performance were affected by the curing conditions. 
 
Two different concentrations of the ZnO nanoparticles were prepared: 
5 wtp (wet weight) ZnO were added to deionised water and stirred by magnetic 
stirrer to get an even dispersion.   
1,25 wtp (wet weight) ZnO were added to deionised water and stirred by magnetic 
stirrer to get an even dispersion.   
 
Fabric 1 was treated with the different nanoparticle concentrations and cured at 
different temperatures and times. No hydrophobic medium was used to see the 
effect of and to find the right conditions for only the nanoparticles.  
 
Samples 
1.1. Polyester Fabric 1 + 5% w/w ZnO NP, curing at 170 °C for 8 min 
1.2. Polyester Fabric 1 + 1,25% w/w ZnO NP, curing at 170 °C for 8 min 
1.3. Polyester Fabric 1 + 5% w/w ZnO NP, curing at 150 °C for 10 min 
1.4. Polyester Fabric 1 + 1,25% w/w ZnO NP, curing at 150 °C for 10 min 
 
The contact angle was measured using PGX.  
 
2. 5% ZnO nanoparticle and hydrophobic treatment samples 
5% ZnO nanoparticle dispersion was padded on Fabric 1 with a rinsing step 
introduced before PHMS hydrophobic treatment. Only PHMS finish was used here 
since the intension was to see if the hydrophobicity was boosted enough by the 
ZnO nanoparticles and not to investigate the different hydrophobization mediums. 
For these samples, the substrates were treated with tree different nanoparticle 
concentrations.  
 
Rinsing was done by rinsing the sample for 2 min in tap water followed by drying 
at 150 °C for 5 min. The rinsing step was introduced to see if the surfactant used in 
the synthesis of the nanoparticles still is on the nanoparticle surface and therefore 
decreasing the performance of the fabric. By rinsing the treated textile, possible 
surfactant would be rinsed away and so increase the hydrophobicity. 
 
Samples 
2.1. Polyester Fabric 1 + PHMS treatment for reference 
2.2. Polyester Fabric 1 + 5% w/w ZnO and PHMS treatment 
2.3. Polyester Fabric 1 + 5% w/w ZnO NP followed by a rinsing step and then 
PHMS treatment 
 
The contact angle was measured using PGX.  
 
3. 2*5% ZnO nanoparticle samples 
To see if increased amount of ZnO nanoparticles could boost the contact angle, one 
sample was padded twice in the 5% ZnO NP dispersion and thereafter treated with 
PHMS. Also a reference sample with only PHMS finish were made. 
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Samples 
3.1. Polyester Fabric 1 + 5% w/w ZnO nanoparticles + 5% w/w ZnO nanoparticles 
+ PHMS treatment 
3.2 Polyester Fabric 1 + PHMS treatment for reference 
 
The contact angle was measured using PGX and a spray test was carried out. 
  
Fumed silica HDK® H13L 
Four samples were prepared with the four different concentrations of fumed silica 
and treated with PHMS finish. Two samples were prepared with only fumed silica, 
to see if the hydrophobic silica alone would give desired hydrophobic effect. As for 
the ZnO treated samples, only PHMS finish was used as hydrophobic medium to 
save time since the intension was not to investigate the different hydrophobization 
mediums. 
 
All four concentrations were followed by a PHMS hydrophobic treatment. Two 
extra samples with 2 wtp and 4 wtp fumed silica were made without the 
hydrophobization medium. 
 
Samples 
1. Polyester Fabric 1 + 1% w/w fumed silica H13L + PHMS 
2. Polyester Fabric 1 + 2% w/w fumed silica H13L  
3. Polyester Fabric 1 + 2% w/w fumed silica H13L + PHMS 
4. Polyester Fabric 1 + 4% w/w fumed silica H13L  
5. Polyester Fabric 1 + 4% w/w fumed silica H13L + PHMS 
6. Polyester Fabric 1 + 5% w/w fumed silica H13L + PHMS 
 
The contact angle was measured using PGX and a spray test was carried out on 
each sample.  
 
Fumed silica HDK® V15 
Solutions of 4 wtp and 7 wtp concentration of fumed silica were made for treating 
Fabric 1 followed by PHMS finish. Solutions with 2 wtp and 5 wtp concentrations 
fumed silica were prepared to treat polyester fabrics with the fumed silica and 
using PHMS and OTES as hydrophobic mediums. 
 
First, samples with only 5% fumed silica were made with the tree different 
methods for OTES treatment and one with PHMS treatment for comparison to find 
the best OTES method. Following these samples, samples with decreased fumed 
silica content to 2% completed with PHMS treatment and the optimal OTES 
treatment, were made. Also one sample with increased fumed silica content was 
made with only PHMS to see if the hydrophobicity would increase. 
 
Samples 
1. Polyester Fabric 1 + 2% w/w fumed silica V15 + PHMS 
2. Polyester Fabric 1 + 4% w/w fumed silica V15 + PHMS 
3. Polyester Fabric 1 + 5% w/w fumed silica V15 + PHMS 
4. Polyester Fabric 1 + 7% w/w fumed silica V15 + PHMS 
5. Polyester Fabric 1 + 5% w/w fumed silica V15 + OTES Method 1 
6. Polyester Fabric 1 + 5% w/w fumed silica V15 + OTES Method 2 
7. Polyester Fabric 1 + 5% w/w fumed silica V15 + OTES Method 3 
8. Polyester Fabric 1 + 2% w/w fumed silica V15 + OTES Method 2  
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The contact angle was measured using PGX and a spray test was carried out on 
each sample.  
 
Reference 
Reference sample with only PHMS and OTES treatments were made with the same 
polyester fabric as the other samples. 
1. Reference Polyester Fabric 1 + PHMS 
2. Polyester Fabric 1 + OTES Method 1 
3. Polyester Fabric 1 + OTES Method 2 
4. Polyester Fabric 1 + OTES Method 3 
 
Durability test 
To find the optimal concentration of the V15 fumed silica, it was also decided to 
do a durability test. For this, the samples were washed in washing machine 
Whirpool AWE 2316, 40 °C program with 10 g IEC Non Phosphate reference 
detergent A (SDC enterprises limited) per 100 g of fabric, followed by drying at 
150 °C for 5 min. 
 
Samples: 
1. Polyester Fabric 1 + 2% w/w fumed silica V15 + PHMS 
2. Polyester Fabric 1 + 2% w/w fumed silica V15 + OTES Method 2  
4. Polyester Fabric 1 + 5% w/w fumed silica V15 + PHMS 
5. Polyester Fabric 1 + 5% w/w fumed silica V15 + OTES Method 2 
7. Reference Polyester Fabric 1 + PHMS 
6. Polyester Fabric 1 + OTES Method 2 
 
The contact angle was measured using PGX and a spray test was carried out on 
each sample after 1 wash and 5 washes. 

Step 2. Production of Fabric 2 
Preparing the weaving machine: 
The warp yarn used was a Staple Polyester (PET) Nm 60/2 / Dtex 167/2. The warp 
yarn was rolled up on 120 cones with 700 m on each cone. The yarns were then 
arranged on a warp beam. The warp beam was placed in the weaving machine and 
the healds were threaded. The reed were then arranged to have three warp threads 
in each dent giving 30 yarns/cm in warp. 
 
Weaving: 
Weaving structure: Weft dominated satin with weave number 8, S1/7 (5). 
        
         
         
        
        
        
        
        
 

= Warp raise 
 
= Weft raise 
 

1 m of each weft yarn type was woven. Below the six different weft yarns can be 
seen. 
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Fabric 1. Weft yarn: PET Staple Nm 60/2 / Dtex 167/2  
Fabric 2. Weft yarn: PET Microfiber Dtex 76/96/2 
Fabric 3. Weft yarn: PET Microfiber Dtex 167/256/2 
Fabric 4. Weft yarn: PET Multifilament Dtex 167/48/2 
Fabric 5. Weft yarn: PET Multifilament Dtex 167/12/2 
Fabric 6. Weft yarn: PET Multifilament Dtex 78/34/2 
 
The fabric weight was taken for all fabrics. 
 
The contact angle was measured using PGX and the wetting of the drops analyzed. 
This test was done for each fabric before any treatment to see the original wetting 
of the fabrics. 
 
Microscope 
Microscopic pictures of the weft yarn were taken in Optical Microscope Nikon 
SMZ-U to clearly show the differences in the yarns and get a picture of how the 
yarns will influence the textile fabric.  

Step 3. Final Samples 
Four samples of each fiber type were made from Fabric 2, one with 3 wtp Fumed 
silica V15 and PDMS treatment, one with only PDMS treatment, one with 3 wtp 
Fumed silica V15 and OTES Method 2 treatment and one with OTES Method 2. 
 
The samples with PHMS finish were dried at 100 °C for 5 min and cured at 170 °C 
for 5 min. * 
 
The samples with OTES finish were dried at 100 °C for 5 min and cured at 170 °C 
for 5 min. * 
 
Table 1 below shows a detailed list of all the samples made. 
 

Table 1. Fabrics with the six different weft yarns treated with nanoparticles and/or hydrophobic 
medium. 

Fabric Nanoparticles Hydrophobic 
medium 

1a. PET Staple Dtex 167/2 3% Fumed silica V15 PHMS  

1b. PET Staple Dtex 167/2 - PHMS  

1c. PET Staple Dtex 167/2 3% Fumed silica V15 OTES Method 2 

1d. PET Staple Dtex 167/2 - OTES Method 2 

2a. PET Microfiber Dtex 76/96/2 3% Fumed silica V15 PHMS  

2b. PET Microfiber Dtex 76/96/2 - PHMS  

2c. PET Microfiber Dtex 76/96/2 3% Fumed silica V15 OTES Method 2 

2d. PET Microfiber Dtex 76/96/2 - OTES Method 2 

3a. PET Microfiber Dtex 167/256/2 3% Fumed silica V15 PHMS  

3b. PET Microfiber Dtex 167/256/2 - PHMS  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
*	  The drying and curing time was increased due to thicker samples. 
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3c. PET Microfiber Dtex 167/256/2 3% Fumed silica V15 OTES Method 2 

3d. PET Microfiber Dtex 167/256/2 - OTES Method 2 

4a. PET Multifilament Dtex 167/48/2 3% Fumed silica V15 PHMS  

4b. PET Multifilament Dtex 167/48/2 - PHMS  

4c. PET Multifilament Dtex 167/48/2 3% Fumed silica V15 OTES Method 2 

4d. PET Multifilament Dtex 167/48/2 - OTES Method 2 
 

5a. PET Multifilament Dtex 167/12/2 3% Fumed silica V15 PHMS  

5b. PET Multifilament Dtex 167/12/2 - PHMS  

5c. PET Multifilament Dtex 167/12/2 3% Fumed silica V15 OTES Method 2 

5d. PET Multifilament Dtex 167/12/2 - OTES Method 2 

6a. PET Multifilament Dtex 78/34/2 3% Fumed silica V15 PHMS  

6b. PET Multifilament Dtex 78/34/2 - PHMS  

6c. PET Multifilament Dtex 78/34/2 3% Fumed silica V15 OTES Method 2 

6d. PET Multifilament Dtex 78/34/2 - OTES Method 2 

 
The contact angle was measured using both PGX and Attension Theta. A spray test 
was carried out on each sample and the contact angle hysteresis and roll-off angle 
was measured. 
 
Durability test 
Three samples of Fabric 2 coated with 3 wtp fumed silica and PHMS and three 
samples coated with 3 wtp fumed silica and OTES, plus the respective samples 
with only PHMS and OTES that performed the best in contact angle and spray test, 
were chosen for durability testing. 
 
A 2*2 cm large piece of each sample was cut out and saved for SEM analysis 
before washing for analyzing the durability. 
 
The washing was carried out in Electrolux Wascator FOM 71 MP in program 5A 
(40 °C) according to EN ISO 6330:200. 10 g of IEC Non Phosphate reference 
detergent A (SDC enterprises limited) per 100 g of fabric were used for each wash.  
 
After each washing, the fabrics was dried at 150 °C for 10 min. The contact angle 
was measured again after each wash with Attension Theta. A spray test was also 
performed once on each test piece. 
 
The samples with 3% V15 and PHMS or OTES treatment was washed three times, 
with the contact angle measurement and spray test performed after each wash. The 
samples with only PHMS and OTES were washed four times, due to contamination 
in the third wash. These samples were not measured with the Attension 
Tensiometer nor the spray test after the second wash due to the cross contamination 
was considered to give unreliable results. 
 
After the third wash spray test, contact angle, contact angle hysteresis and roll-off 
angle were measured again as before washing, but only for the samples with 3% 
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fumed silica V15 and hydrophobic treatment. The contact angle was measured with 
both the Attension Theta and PGX for each fabric sample.  
 
SEM 
A FEI Quanta200 FEG-E SEM was used to microscopically analyze the surfaces of 
the fabric samples. Both the durability and textile, regarding how the treatment is 
bond to the fibers, was to be analysed. Hence, the samples giving the worst and 
best results of all the treated Fabric 2 samples were chosen for the SEM. The fiber 
sample with the best results was analyzed before and after three washes to see how 
the washing affects the treatment. Two samples for the fiber with the worst result 
was analyzed, one sample with V15 nanoparticles and PHMS treatment and one 
sample with only PHMS treatment. This to compare the how the treatment is 
bonding with and without nanoparticles and to easier distinguishes the two 
different components. The two fibers analyzed were also compared to see what 
makes the fabric with the best result better than the other fabric. 
 
A 1 cm piece of each sample was put in the SEM. The samples were then analyzed 
and pictures were taken through the computer program pertaining the microscope. 

Results   
Step 1 
1. Finding optimal ZnO concentration and condition 
 

Table 2. Fabrics treated with different concentration of ZnO nanoparticles and cured at 150-170 °C 
between 8-10 min. 

Sample Contact angle 
1.1. Polyester Fabric 1 + 5% ZnO NP, curing at 170 °C for 8 min 117° for 2/10 drops. 

Wetting within 10sec. 
1.2. Polyester Fabric 1 + 1,25% ZnO NP, curing at 170 °C for 8 min 123° for 3/10 drops. 

Wetting within 10sec. 
1.3. Polyester Fabric 1 + 5% ZnO NP, curing at 150 °C for 10 min 111° for 3/10 drops. 

Wetting within 10sec. 
1.4. Polyester Fabric 1 + 1,25% ZnO NP, curing at 150 °C for 10 min 107,5° for 2/10 drops. 

Wetting within 10sec. 
 
All samples were wetting in the contact angle measurement. Only 2 or 3 drops 
stayed on the surface long enough for the CA to be measured, the rest of the drops 
wetted the surface before any measurements were able to be performed. Samples 
1.1 and 1.3 had slightly slower wetting than samples 1.2 and 1.4 with lower 
nanoparticle treatment. Comparing the two samples with 5% nanoparticle 
treatment, samples 1.1 and 1.3, a higher contact angle and longer stay of the 
droplets on the surface was seen for sample 1.1 with higher curing conditions. The 
curing time and temperature did not show any significant differences in the results. 
 
2. 5% ZnO nanoparticle and hydrophobic treatment samples 
	  
Table 3. Polyester fabric and following treatment, and the respective contact angle. 

Sample Contact angle 
2.1. Polyester Fabric 1 + PHMS treatment for reference 136,3° 
2.2. Polyester Fabric 1 + 5% ZnO and PHMS treatment 137,5° 
2.3. Polyester Fabric 1 + 5% ZnO NP followed by a rinsing step and then 
PHMS treatment 

138° 
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Introducing a rinsing step (2.2) did not boost the contact angle enough compared to 
2.1 to make the effort of rinsing worth it. The nanoparticles boost the hydrophobic 
medium only marginally and the contact angle was considered to be too low for 
being satisfied with the result.	  
 
 
3. 2*5% ZnO nanoparticle samples 
 
Table 4. Polyester fabric treated twice with nanoparticles, followed by hydrophobic treatment is 
compared to reference sample with only hydrophobic treatment. 

Sample Contact 
angle 

Spray test 

3.1. Polyester Fabric 1 + 5% ZnO nanoparticles + 5% ZnO 
nanoparticles + PHMS treatment 

139° 2+ 

3.2. Polyester Fabric 1 + PHMS treatment for reference 135,5° 2 
 
The increased concentration of ZnO nanoparticles by treating the fabric twice (3.1) 
gave only a small increase in the contact angle result compared with the samples 
treated only once (2.1-2.3). The spray test shows the water repellence is low and 
sample 3.1 is only marginally better than the reference sample treated with only 
PHMS (3.2). Comparing the contact angles in table 3 with 3.2 also shows the 
increase of nanoparticle treatment not giving satisfying result. Hence there was no 
reason continuing with ZnO nanoparticles for fabric treatment if contact angles 
closer to 150° and high spray test scores were to be achieved. 
  
Fumed silica HDK® H13L 
 
Table 5. Samples with different concentration of hydrophobic fumed silica H13L is compared. 

Sample Contact angle 
PGX 

Spray test 

1. Polyester Fabric 1 + 1% Fumed silica H13L + PHMS 
 

142° 3 

2. Polyester Fabric 1 + 2% Fumed silica H13L  
 

136,4° 2 

3. Polyester Fabric 1 + 2% Fumed silica H13L + PHMS 
 

142,5° 4 

4. Polyester Fabric 1 + 4% Fumed silica H13L  
 

139,1° 2 

5. Polyester Fabric 1 + 4% Fumed silica H13L + PHMS 
 

143,2° 5 

6. Polyester Fabric 1 + 5% Fumed silica H13L + PHMS 143,3° 
 

5 

 
The contact angle does not correlate with the spray test result. The spray test 
performance is increasing with increasing fumed silica content and sample 2 and 4 
shows the hydrophobic medium is needed to obtain good water repellence. 
 
Fumed silica HDK® V15 
 
Table 6. Samples with different concentration of hydrophilic fumed silica V15, and the two different 
hydrophobic mediums are compared. 

Sample Contact 
angle PGX 

Spray test 

1. Polyester Fabric 1 + 2% Fumed silica V15 + PHMS 
 

142,8° 
 

5 

2. Polyester Fabric 1 + 4% Fumed silica V15 + PHMS 145,5° 
 

5 

3. Polyester Fabric 1 + 5% Fumed silica V15 + PHMS 147,8° 5 
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4. Polyester Fabric 1 + 7% Fumed silica V15 + PHMS 
 

146,4°  
 

5 

5. Polyester Fabric 1 + 5% Fumed silica V15 + OTES Method 1 
 

145,4° 
 

5 

6. Polyester Fabric 1 + 5% Fumed silica V15 + OTES Method 2 
 

146,4° 
 

5 

7. Polyester Fabric 1 + 5% Fumed silica V15 + OTES Method 3 
 

144,2° 
 

3 

8. Polyester Fabric 1 + 2% Fumed silica V15 + OTES Method 2  
 

140,7° 
 

3 

 
The result showed the hydrophilic fumed silica V15 is performing better at lower 
concentrations than the hydrophobic fumed silica H13. Sample 1 shows a good 
spray test value is obtained even at 2% V15. The fumed silica V15 is performing 
well with the PHMS treatment, careless of fumed silica concentration. The contact 
angle increases only marginally for sample 1-3 and comparing 3 with 4 shows the 
further increase in fumed silica concentration do not increase the contact angle. 
Further, the hand of the textile was better for sample 3 than 4. Sample 4 had a 
rough and stiff feel, an unwanted property for the textile. 
 
Sample 5-6 shows OTES Method 1 and 2 gave the best result of the OTES 
methods, with Method 2 performing slightly better than Method 1. There is quite a 
large different both in contact angle and spray test between sample 6 and 8, 
meaning the fumed silica concentration should be kept higher than 2% for samples 
treated with OTES. 
 
Reference 
 
Table 7. Only the hydrophobic mediums and methods used for preparing the hydrophobic mediums 
are compared. 

 
The reference samples 1-4 prove the fumed silica nanoparticles boost the 
hydrophobic medium and increase both the contact angle and spray test value. 
 
Durability test 
 
Table 8. The durability of two different fumed silica V15 concentrations with the two hydrophobic 
mediums is compared. 

Prior washing After 1 wash After 5 washes 

Sample Contact 
angle 
PGX 

Spray 
test 

Contact 
angle 
PGX 

Spray 
test 

Contact 
angle 
PGX 

Spray 
test 

1. Polyester Fabric 1 + 2% 
V15 + PHMS 

142,8° 5 139,0° 4+ 136,2° 2+ 

2. Polyester Fabric 1 + 2% 
V15 + OTES Method 2  

140,7° 
 

3 140,8° 
 

2 137,3° 
 
 

2 

3. Polyester Fabric 1 + 5% 147,8° 5 134,8° 3 130,6° 2- 

Reference Samples Contact angle 
PGX 

Spray test 

1. Polyester Fabric 1 + PHMS 135,5° 
 

2 

2. Polyester Fabric 1 + OTES Method 1 138° 
 

3 

3. Polyester Fabric 1 + OTES Method 2 136,9° 
 

2- 

4. Polyester Fabric 1 + OTES Method 3 138,8° 
 

2- 
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V15 + PHMS    
4. Polyester Fabric 1 + 5% 
V15 + OTES Method 2 

146,4° 
 

5 138,6° 
 

3 136,9° 
  

2 

 
The durability was slightly better for the 2% fumed silica sample when comparing 
sample 1 with 3. For sample 2 and 4, the spray test for sample 4 was much higher 
than for sample 2 and therefore the durability for these two samples cannot be 
fairly evaluated. All though, sample 4 drops more in spray test score after one wash 
than sample 2, and sample 4 was therefore suggested to be slightly less durable 
than sample 2. 
 

Step 2. Fabric 2  
Fabric weight 
1. 220 g/m2 
2. 190 g/m2 
3. 235 g/m2 
4. 225 g/m2 
5. 245 g/m2 
6. 230 g/m2 

 
Contact angle  
For Fabric 2 samples 1,2,3 and 6, the contact angle is between 133°-137,5° and the 
drops stick to the surface and eventually the drops did wet the surface. For sample 
4 and 5, there were direct wetting of the drop on the textile. 
 
Microscope pictures 
Below pictures of the six different weft yarns from the Nikon microscope is found. 
Figure 5 shows the fiber used as weft yarn for one of the six fabrics and warp yarn 
for all six fabrics. Figure 6-9 shows the remaining five weft yarns.  
 
These pictures clearly show the difference between the yarns. Yarn 1 in figure 5 
has a completely different structure compared to the other yarns. The rest of the 
yarns 2-6 in figure 6-10 have different number of filaments and some of them have 
different density. Fiber 3, 4 and 5 in figure 7-9 have the same Dtex but different 
amount of filaments. Fiber 2 and 6 in figure 6 and 10 has a similar Dtex but 
different amount of filaments. Fiber 2 and 6 has a lower Dtex, and so a lower 
weight than fiber 3, 4 and 5.  
 

  
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

Figure 6. Microscopic picture of  
2. PET Microfiber Dtex 76/96/2  
	  

Figure 5. Microscopic picture of  
1. PET Staple Dtex 167/2 
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Filament sizes for each fiber 
1. 15,5 µm 
2. 11,5 µm 
3. 7,8 µm 
4. 23 µm 
5. 40 µm 
6. 23 µm 
The sizes are measured manually and therefore the sizes are an approximation and 
not exact value. 

Step 3. Final Samples 
Table 8 shows a complete list of the final samples made from Fabric 2 and the test 
results. Contact angle PGX and contact angle Attension mean the contact angle 
was measured with the PGX instrument and the Attension Tensiometer Theta, 
respectively. S.D stands for the standard deviation out of 10, 5 and 3 values for the 
contact angle PGX, contact angle Attension and contact angle hysteresis, 
respectively. 
 
Table 9. The six fabrics with different weft yarns with fumed silica V15 treatment and/or treated with 
the two hydrophobic mediums. The contact angle measurements are shown for two different 
instruments and the spray test show the level of water repellence. It is clear the nanoparticles boost 
the water repellence and also contact angle. 

Sample  Contact 
angle  
PGX 

Contact 
angle 
Attension 

Contact 
angle 
hysteresis 

Spray 
test 

Comment 

1a. PET Staple Dtex 167/2 
3% Fumed silica V15  
PHMS 	  

147,5° 
S.D: 3,3 

152,4° 
S.D: 8,0 

5,2° 
S.D: 0,9 
 

5 Some little 
dust can be 
seen 

1b. PET Staple Dtex 167/2  
PHMS  

146,1° 
S.D: 3,3 
 

144,7° 
S.D: 5,5 

9,8° 
S.D: 2,4 
 

4-  

Figure 7. Microscopic picture of  
3. PET Microfiber Dtex 167/256/2 
	  

Figure 9. Microscopic picture of  
5. PET Multifilament Dtex 167/12/2 
	  

Figure 8. Microscopic picture of  
4. PET Multifilament Dtex 167/48/2 
	  

Figure 10. Microscopic picture of  
6. PET Multifilament Dtex 78/34/2 
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1c. PET Staple Dtex 167/2 
3% Fumed silica V15  
OTES Method 2 

146° 
S.D: 3,2 

142,5° 
S.D: 5,1 

9,1° 
S.D: 2,3 
 

5-  

1d. PET Staple Dtex 167/2 
OTES Method 2 

145,9° 
S.D: 3,5 

143,7° 
S.D: 5,8 

11,8° 
S.D: 3,3 
 

2  

2a. PET Microfiber Dtex 
76/96/2 
3% Fumed silica V15  
PHMS  

142,7° 
S.D: 2,4 
 

156° 
S.D: 5,1 
 

3,3° 
S.D: 1,2 
 

5 Some little 
dust can be 
seen 

2b. PET Microfiber Dtex 
76/96/2 
PHMS  

138,6° 
S.D: 1,9 

151,2° 
S.D: 6,8 

7,3° 
S.D: 3,7 
 

5-  

2c. PET Microfiber Dtex 
76/96/2 
3% Fumed silica V15  
OTES Method 2 

143,4° 
S.D: 2,4 
 

148,9° 
S.D: 6,5 
 

7,8° 
S.D: 5,6 
 

5  

2d. PET Microfiber Dtex 
76/96/2 
OTES Method 2 

141° 
S.D: 3,3 

147,4° 
S.D: 2,5 

10,8° 
S.D: 2,3 
 

3  

3a. PET Microfiber Dtex 
167/256/2 
3% Fumed silica V15  
PHMS  

142,5° 
S.D: 2,1 
 

152,8° 
S.D: 5,2 
 

0,9° 
S.D: 0,3 
 
 

5  

3b. PET Microfiber Dtex 
167/256/2 
PHMS  

141,4° 
S.D: 2,5 

138,5° 
S.D: 6,0 

6,5° 
S.D: 1,1 
 

5  

3c. PET Microfiber Dtex 
167/256/2 
3% Fumed silica V15  
OTES Method 2 

145,3° 
S.D: 4,1 
 

145,3° 
S.D: 4,7 
 

12,6° 
S.D: 2,9 
 

5 Some little 
dust can be 
seen 

3d. PET Microfiber Dtex 
167/256/2 
OTES Method 2 

143,1° 
S.D: 2,5 

155,1° 
S.D: 8,3 

10,2° 
S.D: 1,6 
 

3+  

4a. PET Multifilament Dtex 
167/48/2 
3% Fumed silica V15  
PHMS  

141° 
S.D: 3,6 
 

150,7° 
S.D: 4,6 
 

6,0° 
S.D: 2,8 
 

5 Dusts! 

4b. PET Multifilament Dtex 
167/48/2 
PHMS  

133,5° 
S.D: 2,3 

138,8° 
S.D: 4,8 

7,4° 
S.D: 2,5 
 

2  

4c. PET Multifilament Dtex 
167/48/2 
3% Fumed silica V15  
OTES Method 2 

142,1° 
S.D: 2,8 
 

148,4° 
S.D: 3,8 
 

13,1° 
S.D: 0,5 
 

5 Dusts! 

4d. PET Multifilament Dtex 
167/48/2 
OTES Method 2 

139,6° 
S.D: 4,12 

142,8° 
S.D: 6,1 

8,8° 
S.D: 0,3 
 

2  

5a. PET Multifilament Dtex 
167/12/2 
3% Fumed silica V15  
PHMS  

142° 
S.D: 2,8 
 

134,1° 
S.D: 5,7 
 

3,1° 
S.D: 0,6 

5- Dusts! 

5b. PET Multifilament Dtex 
167/12/2 
PHMS  

135,4° 
S.D: 2,8 

135,4° 
S.D: 6,7 

14,2° 
S.D: 2,5 
 

2-  

5c. PET Multifilament Dtex 
167/12/2 
3% Fumed silica V15  
OTES Method 2 

140,5° 
S.D: 2,5 
 

142,0° 
S.D: 6,4 
 

5,1° 
S.D: 2,3 
 

3+ Dusts! 

5d. PET Multifilament Dtex 
167/12/2 
OTES Method 2 

140,8° 
S.D: 4,6 

136,4° 
S.D: 5,7 

9,9° 
S.D: 2,0 
 

2-  

6a. PET Multifilament Dtex 
78/34/2 
3% Fumed silica V15  
PHMS  

142,8° 
S.D: 1,7 
 

147,1° 
S.D: 1,9 
 

3,2° 
S.D: 0,4 

5 Dusts a little 
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6b. PET Multifilament Dtex 
78/34/2 
PHMS  

138,5° 
S.D: 3,1 

143,5° 
S.D: 3,9 

10,7° 
S.D: 2,2 
 

2  

6c. PET Multifilament Dtex 
78/34/2 
3% Fumed silica V15  
OTES Method 2 

140,8° 
S.D: 2,0 
 

148,2° 
S.D: 3,3 
 

7,2° 
S.D: 0,3 
 

5- Dusts a little 

6d. PET Multifilament Dtex 
78/34/2 
OTES Method 2 

139,3° 
S.D: 2,6 

146,3° 
S.D: 1,7 

10,9° 
S.D: 1,5 
 

2  

 
Over all the best results were given for samples 1-3. Samples 4a, 4c, 5a, 5c, 6a and 
6c were dusting quite a lot when touching or shaking them, meaning the treatment 
has poor attachment to the fibers. Sample 5 generally had the lowest performance 
both in the amount of dust and spray test. The samples with fumed silica (a and c) 
generally had higher contact angle and performs better in the spray test than the 
samples without fumed silica (b and d). This is true for all fiber types 1-6. The 
Attension Theta generally gave higher contact angle than the PGX instrument, but 
the standard deviation was also higher in the Attension measurements. 
 
The exact contact angle hysteresis value could not be set because of disturbance in 
the measurements, which gave high standard deviation. These values however give 
an indication of the hysteresis. To minimize the large standard deviation and obtain 
a more accurate value, the largest and smallest hysteresis value for all samples was 
excluded. What can be resulted is that the hysteresis is higher for the samples 
without the fumed silica. This means the nanoparticles lowers the hysteresis and so 
the drops stickiness to the surface.  
 
In figure 11 below, pictures from the PGX contact angle measurement is shown. 
As can be seen, there is no big difference in contact line between sample 1a 
showing 142° in contact angle and sample 1a showing 150° in contact angle. What 
can be seen on the other hand is the amount of fibrils disturbing in the picture of 
sample 1a with 142°. Neither between the pictures of sample 2a (143°), 3a (143°) 
and 1a (150°) large differences in the contact between drop and surface can be seen 
visually. It almost looks like there is less contact between the drop and fabric for 
samples 2a and 3a than for sample 1a (150°), but as seen the contact angles shows 
different results. 
 

  

2a. PET Microfiber Dtex 76/96/2, 143° 
 

         3a. PET Microfiber Dtex 167/256/2, 143° 
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1a. PET Staple Dtex 167/2, 142°     1a. PET Staple Dtex 167/2, 150° 

 
Figure 11. Pictures of water drop on textile surface during contact angle measurement in PGX. On top 
left: Sample 2a with a contact angle of 143°. On top right: Sample 3a with a contact angle of 143°. On 
bottom left: Sample 1a with a contact angle of 142°. On bottom right: Sample 1a with a contact angle 
of 150° 

Durability test 
Below tables with the results from the washes is seen. The first table (Table 10) 
show the contact angle after the first, second and third wash and the contact angle 
hysteresis after the third wash. The second table (Table 11) show the spray test 
scores after each wash. 
 

Table 10. The durability is shown for the three fabrics with best performance. Both fabrics with and 
without nanoparticles for each hydrophobic treatment are included. Only the contact angle and 
contact angle hysteresis was measured for the samples with nanoparticles. 

Before Wash After 1 
wash 

After 2 
washes After 3 washes 

Sample Contact 
angle 
PGX 

Contact 
angle 

Attension 

Contact 
angle 

Attension 

Contact 
angle 

Attension 

Contact 
angle 

Attension 

Contact 
angle 
PGX 

Contact 
angle 

Hysteresis 
1a.  
 

147,5° 
S.D: 3,3 

152,4° 
S.D: 8,0 

146,5° 
S.D: 6,9 

158,6° 
S.D: 7,8 

146,5° 
S.D: 4,8 

138,7° 
S.D: 3,5 

8,1° 
S.D: 3,0 

1b.  
 

146,1° 
S.D: 3,3 
 

144,7° 
S.D: 5,5 

143,4° 
S.D: 3,5 

137,7° 
S.D: 5,5 

- - - 

1c.  
 

146° 
S.D: 3,2 

142,5° 
S.D: 5,1 

149,2° 
S.D: 8,9 

147,5° 
S.D: 11,7 

151,9° 
S.D: 5,3 

145,2° 
S.D: 4,2 

7,9° 
S.D: 1,9 

1d.  
 

145,9° 
S.D: 3,5 

143,7° 
S.D: 5,8 

145,5° 
S.D: 2,8 

152,0° 
S.D: 5,4 

- - - 

2a.  
 

142,7° 
S.D: 2,4 

156° 
S.D: 5,1 
 

153,4° 
S.D: 5,4 
 

150,2° 
S.D: 2,7 

152,3° 
S.D: 4,5 
 

138,2° 
S.D: 3,0 

10,1° 
S.D: 1,8 
 

2b.  
 

138,6° 
S.D: 1,9 

151,2° 
S.D: 6,8 

150,2° 
S.D: 8,05 

145,5° 
S.D: 6,14 

- 
 

- - 

2c.  
 

143,4° 
S.D: 2,4 
 

148,9° 
S.D: 6,5 
 

151,4° 
S.D: 2,4 

152,5° 
S.D: 4,5 

147,0° 
S.D: 8,0 

141,6° 
S.D: 3,4 

7,0° 
S.D: 3,0 

2d.  
 

141° 
S.D: 3,3 

147,4° 
S.D: 2,5 

153,2° 
S.D: 3,5 

151,5° 
S.D: 4,6 

- - - 

3a.  
 

142,5° 
S.D: 2,1 
 

152,8° 
S.D: 5,2 
 

154,7° 
S.D: 3,8 
 

157,8° 
S.D: 7,4 
 

147,4° 
S.D: 5,2 
 

139,9° 
S.D: 2,1 

12,8° 
S.D: 3,6 
 

3b.  
 

141,4° 
S.D: 2,5 

138,5° 
S.D: 6,0 

152,8° 
S.D: 4,8 

151,1° 
S.D: 5,4 

- 
 

- - 

3c.  
 

145,3° 
S.D: 4,1 
 

145,3° 
S.D: 4,7 
 

152,7° 
S.D: 7,0 
 

156,5° 
S.D: 6,5 

157,4° 
S.D: 8,8 

145,1° 
S.D: 3,9 

12,6° 
S.D: 4,2 
 

3d.  
 

143,1° 
S.D: 2,5 

155,1° 
S.D: 8,3 

151,5° 
S.D: 1,7 

151,8° 
S.D: 5,2 

- 
 

- - 
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Table 11. Spray test scores after wash. 

Before Wash After 1 
wash 

After 2 
washes 

After 3 
washes 

After 4 
washes Sample 

Spray test Spray test Spray test Spray test Spray test 

1a.  
 

5 3+ 2- 2- - 

1b.  
 

4- 3 2- 3 2 
 

1c.  
 

5- 3- 2 2- - 

1d. 
 

2 2 1 2- 1+ 
 

2a.  
 

5 4 2 2 - 

2b.  5- 4 2 3+ 2 

2c.  
 

5 3- 
 

3- 2 - 

2d.  
 

3 2- 1+ 2- 2- 

3a.  
 

5 4+ 2 2 - 

3b.  
 

5 4+ 3- 3+ 3 
 

3c.  
 

5 3 3 2 - 

3d.  
 

3+ 2 2- 3- 2- 
 

 
After one wash, the performance is still good for the samples with fumed silica (a 
and c). Sample 1a-1d is performing worst in the durability test. From the first to 
second wash, the performance drops quite a lot. Sample 2c and 3c showed best 
result after two washes. After three washes, the performance of the samples with 
fumed silica is unacceptable for a water repellent fabric. These results are seen in 
the spray test values. The contact angle of the fabrics was still good after each 
wash and no notable decrease could be seen. For sample 3c, a contact angle of 
157,4° was obtained after three washes, all though the spray test gave a 2. The 
samples without fumed silica (b and d) were most likely contaminated in the third 
wash, giving unreliable results. This is proven by the again decreasing spray test 
results in the fourth wash.  
 
Table 12. A comparison of the contact angle hysteresis before and after 3 washes. 

Sample 
Contact angle 
hysteresis before 
wash 

Contact angle 
hysteresis after 3 
washes 

1a.  5,2° 
S.D: 0,9 

8,1° 
S.D: 3,0 

1c.  
 

9,1° 
S.D: 2,3 

7,9° 
S.D: 1,9 

2a.  
 

3,3° 
S.D: 1,2 

10,1° 
S.D: 1,8 

2c.  
 

7,8° 
S.D: 5,6 

7,0° 
S.D: 3,0 

3a.  
 

0,9° 
S.D: 0,3 

12,8° 
S.D: 3,6 

3c.  
 

12,6° 
S.D: 2,9 

12,6° 
S.D: 4,2 
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Comparing the contact angle hysteresis before and after wash gives unclear and 
double-faced results. For sample 1a, 2a and 3a, the contact angle hysteresis was 
increasing after wash, which correlated with the theory. For sample 1c, 2c and 3c, 
the contact angle was slightly lower or the same after wash compared to before 
wash. The standard deviation was generally high for 1c, 2c and 3c making these 
results more doubtful. 
 
Roll-off angle 
The tilted angle was measured manually, and hence the results are unreliable due to 
the method and as a consequence, the standard deviation was large (as high as 
maximum 20,5°) for all samples. The exact average values and standard deviations 
from the test can be found in table 12 in appendix 1. What can be deduced from the 
measurements however is that the tilting angle increase after the three washes. 
Generally the roll-off angle was the doubled after three washes compared to before 
wash and even though the values are unreliable, it was noticed the drop was 
attached to the surface more strongly after washing and the surface had to be tilted 
to a greater angle for the drop to roll. 
 
SEM pictures  
Below the pictures obtained from the SEM is showed. First pictures from sample 
3a, which obtained best result, are shown to compare before and after wash. Then 
one of samples with worst result is shown, sample 5a. Sample 5a is compared to 
sample 5b to see the difference between fumed silica nanoparticles with 
hydrophobic treatment and with only hydrophobic treatment. Also the differences 
between sample 3a and 5a are evaluated. 

 3a. PET Microfiber Dtex 167/256/2 
Fumed silica V15 + WS 60E –Before 
Washing 

3a. PET Microfiber Dtex 167/256/2 
Fumed silica V15 + PHMS  - After 3 
washes 
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Figure 12. SEM Pictures of sample 3a before (left) and after (right) 3 washes.  
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Before wash, larger amount of additional particles can be seen on the fiber surface 
and between fibers for sample 3a before wash compared to after wash. This 
indicates there are excess particles that have not bond to the fiber surface. The 
hydrophobic medium seems to have formed a uniform network over the fiber and 
both the hydrophobic medium and nanoparticles seem to be well distributed and 
the size polydispersed. After three washes, the hydrophobic medium is removed 
and only occasional spots of treatment can be seen, the fiber looks cleaner after 
washing than before.  
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5a. PET Multifilament Dtex 167/12/2 
3% Fumed silica V15 + PHMS 

5b. PET Multifilament Dtex 167/12/2 
PHMS 

	   	  

	   	  

	   	  



 43	  

	   	  

	   	  

	  

	  

Figure 13. SEM pictures of sample 5a (left) and 5b (right) showing the difference of applying 
nanoparticles to the surface compared to only PHMS finish. 

A polymer network is seen also for sample 5a but it is disconnected and not as well 
distributed as for sample 3a before wash (see figure 12). Sample 5a has 
accumulation of treatment between fibers and on the fiber surface and there is 
excess formulation to a larger extent than for 3a. The nanoparticle sizes are 
polydispersed. The reference sample 5b also have a disconnected and 
inhomogeneous network. There are large agglomerates of the hydrophobic medium 
on the reference sample. 
 
It is clearly shown by the SEM pictures, sample 5a has larger amount of excess 
particles and treatment on the surface than sample 3a. There are also larger 
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agglomerates and uneven distributed treatment on sample 5. The result confirms 
the dusty behaviour of sample 5. The nanoparticles could to some extent be 
distinguished and characterized by comparing sample 5a with sample 5b in 5000-
10000X magnifications. 
 
The sizes of the agglomerated nanoparticles were measured from the SEM pictures 
to be approximately between 60 nm to 300 nm. 
 
 3a. PET Microfiber Dtex 167/256/2 
Fumed silica V15 + WS 60E –Before 
Washing 

5a. PET Multifilament Dtex 167/12/2 
3% Fumed silica V15 + PHMS 

  
Figure 14. Sample 3a (left) and 5a (right) in 100X magnification. 

 
Figure 14 shows the difference in fabric structure obtained by the two different 
yarns in sample 3a and 5a. Both yarns have a Dtex 167 but can be clearly seen 
sample 3a have more filaments in the yarn than sample 5a. It is also visible even in 
100X magnification that sample 5a has more accumulation on the surface. 
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Discussion  
A water repellent textile with superhydrophobic properties was constructed using a 
two-step method. First nano-roughness was created using fumed silica on a textile 
substrate where the filaments act as micro-roughness. Secondly, the rough surface 
was treated with a hydrophobic compound using PHMS or OTES. This gave a 
surface with contact angles exceeding 150° and could therefore according to for 
example Kampeerapappun et al. (2010) be defined as superhydrophobic, but 
according to Lee and Michielsen (2007), Rojas and Song (2013), Newton et al. 
(2008) and Guo et al. (2011) it is not sufficient for defining the fabric as 
superhydrophobic.  
	  
As described by Fujishima et al. (2000), the water drops roll-off property is 
suggested to be evaluated seperately from the contact angle, which is 
corresponding to the results in this study. The contact angle quite often 
distinguished from the spray test score, which clearly can be seen comparing tables 
10 and 11. The degree a drop sticks to a surface will decide how easy the drop rolls 
off the surface. It therefore makes sence as stated by Eral et al. (2012), that contact 
angle hysteresis and roll-off angle can be used as complementing terms describing 
the same phenomena. A spray test is showing to what exctent water drops will stick 
to the textile surface, which is determined by how easy they roll off. Hence, the 
spray test is suggested to be related to the contact angle hysteresis and the roll-off 
angle. If the contact angle should be evaluated seperatly from the roll-off 
properties, it should also be evaluated seperatly from the spray test scores. The 
contact angle show the static angle between a drop and the surface, but do not 
show a drops motion on the surface. In the spray test, the surface already tilted and 
the water is constantly in motion, why it is suggested they should not be evaluated 
as joint results. Though, the contact angle measurements are thought to be of 
importance to in a first step see if the surface is hydrophobic or hydrophilic, which 
then can be followed by measuring the roll-off property to investigate the level of 
hydrophobicity and water repellence of the fabric. It is therefore suggested the 
contact angle and roll-off properties should be used as complementing 
measurements, but one should not exclude the other. 
 
When performing the contact angle measurement, the drop “bounced” on the fabric 
and did not stick to the surface. The drop almost moved by itself on the surface. 
This behaviour was mainly observed for the fumed silica V15 nanoparticle treated 
fabrics before washing, see table 9. The water drops behaviour should according to 
Lee and Michielsen (2007), Rojas and Song (2013) Newton et al., (2008) and Guo 
et al., (2011) be defined as superhydrophobic, since the drop moved even without 
tilting the surface. The fabrics showing this behaviour obtained maximum score in 
the spray test, which means the hydrophobicity is extremely high, but due to 
weaker values in contact angle and contact angle hysteresis/roll-off measurements, 
the fabric cannot be defined as superhydrophobic even though the fabrics are 
showing superhydrophobic behaviour. Hence it is suggested textile fabrics should 
be tested and evaluated with consideration of the end use of the textile, and not 
with definitions that in the end not explains the properties and behaviour of the 
fabrics correctly. 
	  
The ZnO NP treated fabric without any hydrophobic treatment had a slightly 
hydrophobic behaviour, which is believed to be due to oil in water microemulsion 
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synthesis, as described by Boutonnet et al. (2012) and Pemartin et al. (2012), and 
so have a slightly hydrophobic character.  
 
The yield of ZnO NPs was low, and so also the amount of nanoparticles available 
for fabric treatment. As can be seen in Results, Step 1, 3. 2*5% ZnO nanoparticle 
samples, it was decided not to continue with ZnO nanoparticles because the 
amount of nanoparticles needed for the fabric is believed to be much higher in 
order to boost the hydrophobicity. The maximum weight percentage of ZnO NPs 
able to be used in this study did not increase the contact angle significant. As can 
be seen in the results in ZnO Results Step 1, table 3 and 4, the contact angle only 
marginally increased when ZnO NPs were added compared to only the 
hydrophobic medium. Neither the spray test score increased sufficient. The attempt 
to increase the nanoparticle concentration by treating the fabric twice with ZnO 
NPs did not give a contact angle over 140° and the spray test showed low scores, 
see table 4. It is hard to say what a relevant change in θ would be, but a value 
closer to 150° after ZnO treatment was desirable. A more satisfying increase in 
water repellence from nanoparticles can be seen in the spray test scores in table 11. 
It is suggested by Dhurai et al. (2008), that the percentage of nanoparticles needed 
for this kind of hydrophobic fabric treatment should be around 5% dry weight. 
Hence, the fumed silica was used to be able to increase the amount of nanoparticles 
in the treatments. 
 
3% fumed silica V15 nanoparticle concentration was chosen for the final samples 
because 2% V15 concentration gave better durability for the PHMS treated 
samples than 5% V15 (see table 8), which indicated that the higher nanoparticle 
concentration, the lower durability, but 5% V15 concentration gave better result for 
the OTES treated samples before wash than 2% V15. Though, the OTES samples 
also showed the behaviour of lower durability with 5% V15 than for 2% V15 (see 
table 8). To obtain high performance before wash but still get as high durability as 
possible, there had to be a concentration over 2% but less than 5% of fumed silica. 
3% (wtp) seemed to be a suitable concentration in the middle of durability and 
water repellence results.  
 
Not only the nanoparticle concentration influenced the durability. Also the 
different fibers showed different durability. The fabric woven with staple fiber for 
instance had less wash durability than the two different microfiber fabrics. Sample 
2a, 2c, 3a and 3c are suggested to give highest scores in durability and performance 
(see table 11) due to the microfiber properties. In microfibers, the large amount of 
filaments traps the treatment easier than a fiber with few filaments, for instance 
fiber 5. Therefore the microfilament samples give both better durability but also do 
not show the dusty behaviour as for example sample 5.  
 
As seen in figure 5-10, the fibres are not completely smooth and straight. This 
contribute to unevenness and fibrils pointing out of the textile surface, giving it a 
more or less hairy appearance, as seen in figure 14 and to some extent in figure 11. 
Both the PGX and Attension instruments use a camera and measures the contact 
angles from the pictures. Both these instruments were very sensitive to the hairy 
surface and even though the base line could be adjusted quite accurate manually, 
the computer program to the machines automatically measured the angle between 
the drop and the surface. The fibrils then disturbed the program and it had 
difficulties focusing only on the drop. Mainly when measuring the contact angle 
hysteresis on Attension, there were some deviations in the measurements. The 
Attension Theta measurement was generally more disturbed by the fibrils than the 
PGX measurements, which can be seen when looking at the standard deviations 
given in tables 9 and 10. 
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Since the roll-off angle was measured manually, the method contributed to 
deviations in the angles measured. All though the result showed the tilting angle 
increased after three washes. As described, the drops almost moved on sample 
before wash without tilting the surface. The values obtained in the roll-off test 
showed in appendix 1 differ quite a lot from the water drops behaviour observed. 
This combined with the standard deviation showed in table 13 in appendix 1, 
confirm the interval of the measured roll-off angles are significantly translocated.  
 
Even the samples that performed best in the tests before wash had quite low 
durability (see table 10 and 11). Probably the weak durability is due to the 
treatment not bonding to the fibers strong enough. As seen in the SEM picture for 
sample 3 (figure 12), and more clearly for sample 5 (Figure 13), there is excess 
treatment on the fibers before wash, which could be due to the treatment not 
bonding to the fibers and start binding to each other instead, leading to 
accumulation on the fiber surface. To confidently say if the fumed silica 
nanoparticles or the hydrophobic treatment is dominating on the fiber after 
washing, SEM pictures should also have been taken on fabric treated with only 
silica nanoparticles. In this thesis there were unfortunately no room for preparing 
and study such sample in the SEM. It therefore is more complicated and uncertain 
to distinguish the hydrophobic treatment and the nanoparticles in the pictures. 
Though the polymer network formed on the fibers, which is seen in figure 12 for 
sample 3a before wash in 5000 magnification, is certainly formed by the 
hydrophobic medium and the small particles is most likely the nanoparticles, which 
is partly confirmed by the SEM study of the sample 5a with only hydrophobic 
treatment. Because of the pictures of sample 5b in figure 13, the nanoparticles 
could be distinguished from the hydrophobic treatment with some expertise from 
Chalmers University of Technology and OrganoClick when analyzing the pictures. 
Though, the sizes of the fumed silica mentioned on page 44 are only an 
approximation. 
 
Comparing the size of the fibers in this study with the micro sized protruding 
numbs of the lotus leaf (Guo et al., 2011, Chen et al., 2012, Agarwal et al., 2009) 
show they lie in the same size range. This could mean textile fibers in a fabric can 
mimic the microstructure of the lotus. The approximated size of the nanoparticles 
is also in the size of the lotus nano sized wax crystals (Guo et al., 2011, Barthlott et 
al., 2011a). The treated textile fabrics are therefore mimicking the hierarchal 
structure of the lotus leaf. 
 
No binder of the fabric treatments was used in this study because it was showed by 
both Dhurai et al. (2009) and Pipatchanchai and Srikulkit (2007), that good 
fastness of nanoparticles could be achieved without adding a binder. Also, of a 
binder was to be used, there would have been a third parameter to consider. Factors 
such as how the binder influences the roughness of the surface would have been 
needed to be regarded, which the time aspect in this study did not allow. As seen in 
table 10, the durability of the fabrics was low and in this case, a binder would 
probably have been needed for increased wash fastness as illustrated in other 
research by for example Agrawal et al. (2007).  
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Conclusions  
It is suggested the roll-off angle, contact angle hysteresis and spray test scores are 
connected. By studying the behaviour of the results before and after wash, it can be 
concluded these three parameters are interrelated. The contact angle on the other 
hand should be evaluated separately since its behaviour does not correlate with 
these three parameters. The amount of measurements made of the contact angle on 
different fabrics, before and after washing and with different instruments, makes it 
possible to conclude the contact angle cannot alone tell the level of hydrophobicity 
or water repellence of a fabric. Neither does the contact angle necessarily have to 
correlate with the rolling behaviour of the drop on a textile substrate or the drops 
stickiness on the surface. The contact angle measurement however should not be 
excluded. It is an important measurement to make to see the hydrophobicity of the 
material but should be complemented with measurements of the roll-off property to 
see the level of hydrophobicity of the material.  
 
The textile fibers properties such as number of filament and structure influence the 
hydrophobicity and water repellence of the material. This has been shown in the 
report the different yarns bind treatment differently. Generally, it has been found in 
this study; the more filaments in the fiber, the better hydrophobic and water 
repellent properties after treatment. 
 
It can be concluded the nanoparticles increased the hydrophobicity and water 
repellence of the fabrics. Without the nanoparticles, the fabrics did not reach the 
same level of water repellence. Also the hydrophobic treatment is important for the 
fabrics to reach a high water repellent level. For the nanoparticles to boost the 
hydrophobicity, the surface must be made hydrophobic with some kind of surface 
energy lowering treatment.  
 
All though it was found that there is a level for the amount of nanoparticles that is 
optimal. For instance, this study has showed that increasing the nanoparticle 
concentration to more than 5 wtp do not increase the performance. There seems to 
be a limit when the addition of nanoparticles is not increasing the water repellence. 
 
The study also showed, the higher nanoparticle concentration, the lower durability. 
Though, it is believed a binder is needed to improve the nanoparticle fastness to the 
fibers. Also the different fibers showed different durability. The fabric woven with 
staple fiber for instance had less wash durability than the two different microfiber 
fabrics. 
 
This thesis has filled a small gap in the large world of research of textile materials 
and hydrophobicity. The most interesting conclusion is that textile fibers of the 
same material bind treatment differently, has different treatment durability and 
show differences in hydrophobic character.  
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Future research  
It would be an interesting aspect to see if the ZnO nanoparticles can be used for 
these types of fabrics to boost the hydrophobicity. For this it is suggested the 
nanoparticle concentration should be increased to at least 3 wtp dry weight. 
 
To increase the durability of the fabrics, a so-called binder could be used. There 
was no room in this report to continue researching in solutions for increased 
durability, which is a vital factor to considerate. Not least for making products 
ready for the commercial market and widen the supply of environmental 
sustainable water repellent fabrics.  
 
To fully see the fastness of the fumed silica nanoparticles, a sample with only the 
nanoparticle treatment should be run in the SEM to be compared with the samples 
treated with both nanoparticles and hydrophobic treatment and the sample with 
only hydrophobic treatment. Investigating this would also bring more confidence in 
pointing out the components placement on the fiber. 
 
This study was made only on polyester since the fiber properties were to be 
investigated and not the textile material. For further research, a study of different 
textile materials such as different synthetic, regenerated or natural fibers would be 
interesting to investigate for future hydrophobicity studies. 
 
Weaving can be done in a range of different bindings. Here only weft dominated 
satin fabrics were used but it is possible the type of binding could influence the 
hydrophobicity. Hence I suggest a study of comparing different bindings and their 
hydrophobic performance would elongate this study of textile parameters and 
hydrophobicity. 
 
Of course, there are a range of other textile parameters to consider for hydrophobic 
fabrics, such as colouring or dying issues, comfort, air permeability, vapour 
permeability, strength, tear resistance and so on. There is no limit for how long 
research in this area can continue for improving water repellent textiles. The most 
important issue is that research of fluorocarbon free and sustainable water repellent 
and hydrophobic textile materials continue to develop and conquer the market. 
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Appendix 1 
	  

Roll-off angle values 
 
Table 13. The roll-off angle for sample 1a, 1c, 2a, 2c, 3a and 3c before and after 3 washes, and 
sample 4a, 4c, 5a, 5c, 6a and 6c before wash. The angles are an average of three measurements. 

Sample Before Wash After wash 
 1a 38,3° 

S.D: 6,2 
79,0° 

S.D: 9,4 
 1c 48,3° 

S.D: 6,2 
64,0° 

S.D: 20,5 
 2a 26,7° 

S.D: 2,4 
62,7° 

S.D: 17,8 
 2c 45,0° 

S.D: 4,1 
47,3° 

S.D: 2,1 
 3a 24,3 

S.D: 4,9 
85,7 

S.D: 6,1 
 3c 47,3° 

S.D: 5,6 
66,0° 

S.D: 11,3 
 4a 25,7° 

S.D: 4,9  
 4c 35,0° 

S.D: 4,1  
 5a 32,7° 

S.D: 5,2  
 5c 78,3° 

S.D: 10,3  
 6a 23,3° 

S.D: 4,7  
 6c 38,3° 

S.D: 6,2  
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Appendix 2 
	  

Graph of base line and contact angle in contact angle hysteresis 
measurements  
	  

	  
 
Figure 15. The two lines in the graph are showing the base line (black line) and contact angle (blue 
line) in receding contact angle measurement. 

 
 
Between 45-50 sec the base lines starts to move. This is where the 
measurements of the contact angle started.  
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