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Abstract 

Biomimetic means an inspired design, which is an imitation from nature’s mechanism. Within the textile 

design branch, it is one of the newest areas with relatively little, but significant activity. During this study 

the focus is lying on an application that goes beyond nature and is counted as one of the first attempt on 

textiles. When building a construction that is partially inspired on nature and partially adding smart 

responsive materials, special surface properties can be achieved. During this study a wettability coating is 

applied on a polyamide-66 textile substrate that under stimulus of ultraviolet (UV) radiation, alternates 

between hydrophobic and hydrophilic states, also referred to as switchability and reversibility effect. To 

achieve these effects, two elements are required; (1) a rough textile surface that is coated with a (2) 

photoresponsive material. During this study three individual photoresponsive materials: azobenzene 

(C12H10N2), zinc oxide (ZnO) and titanium dioxide (TiO2), are applied through a facile dip-pad-dry-cure 

method onto the rough textile surface of polyamide-66. Several parameters were applied, such as 

sequence of application, temperature of heat treatments and weight and volume percentage of the 

photoresponsive materials. Then, the coated polyamide-66 substrates were placed under a 24 hours of 

UVA source, followed by a storage period of one week. These test were performed up to two or three 

cycles, to detect any switchability or reversibility effect. To observe any wettability change two 

characterization methods were applied between every step throughout the cycles. The water contact angle 

(WCA) and the surface free energy (SFE) were revealing if the coated substrate alternated between 

hydrophobic and hydrophilic states. The third characterization method, the scanning electron microscope 

(SEM), was used to observe the topography of the textile substrate surface.  

 

The two inorganic photoresponsive materials, TiO2 and ZnO showed a switchability effect on the coated 

substrate, whereas ZnO coated substrate showed additionally a partially reversible effect. Since literature 

reported and results in this study showed that TiO2 coated substrates, in original state, had a WCA of ≥ 

90°, it was not observed as hydrophobic. Silicone was added in two different application sequences, to 

enhance the hydrophobicity in its original state. Although, this action did not resulted in a WCA increase 

of the original state, a switchability effect of ca. 80° to 0°, was present on both coated substrates, at both 

sequences. However, there was no reversibility observed. Meaning, the WCA and SFE measurements 

showed no change in contact angle and surface free energy within one-week of storage period in dark 

conditions. Additionally it was observed, that even the smallest changes in silicone VOLUME% could 

retain the coated substrate to alternate between the hydrophobic and hydrophilic state. The ZnO coated 

substrates gained the strongest switchability and reversibility effect on the substrate when undergoing two 

different heat treatments and followed by 24 hours of UV radiation exposure. A fully switchability and 

partially reversibility effect was detected going from ca. 108° – 0° – 51° when dried at higher 

temperatures. An increase in amount of ZnO dispersion and a higher temperature treatment will result in a 

stronger switchable and reversible effect of the coated substrate. The performance of azobenzene coated 

textile substrate, characterized by the WCA, brought the biggest challenge, since literature already 

mentioned a difficulty in confirmation of organic complexions; upon UV light on a substrate. Throughout 

the two cycles no significant change in WCA was measured, what leads to the conclusion that no 

activation did occur. Possibly from trans-to-cis isomerization, requires a longer exposure time to UV. An 

alternative conclusion can be drawn from the literature research, whereby Jiang et al (2005) mentioned to 

stabilize the cis-isomer by applying the solution through a gentle monolayer method. However, it can be 

reported during this study that C12H10N2 on a 100% polyester textile substrate did show a switchability 



 
 

effect. Although, polyester tends to absorb less moisture than polyamide, the WCA of plain 100% 

polyester was measured at ca. 30°, marked as hydrophilic.  However, after coating the textile substrate 

with azobenzene the hydrophobicity in its original state was enhanced to ca. 126°, observed as 

hydrophobic. After 24 hours of UV radiation the WCA of the coated substrate decreased to ca. 88°, what 

can be concluded to be a switchable effect, even dough it’s only slightly hydrophilic.  

 

The null hypothesis (H0) of the study is formed by the literature research, which concludes that if the 

roughness of the topography of the textile and the photoresponsive material are not present in the correct 

weight percentage, then the textile substrate will not be switchable and reversible under stimulation of 

UV. The significance tests were performed on the obtained results of this study, and are calculated to be 

slightly ≤ 95%. Consequently, the H0 hypothesis could not be rejected based on the experiments 

performed during this study. Therefore, it is of high importance to conduct further research in developing 

a stable switchable and reversible coating on a textile substrate. It has variations of applications that can 

be improved upon successful results, as for example, smart membranes for rapid water motions or textile 

sensors in the agriculture sector.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

Popular abstract 

Biomimicry means literally ‘imitation of life’ and is providing sustainable solutions for challenges that 

are occurring in the human lives. To date, the biomimic research reports that wettability in nature, e.g. 

self-cleaning effect on a lotus leaf and a striking water strider’s leg, is related to the cooperation between 

the chemical composition and the topography of the surface. Moreover, this study is developing a textile 

substrate that goes one step further than biomimic, called ‘Biomimicking beyond nature’.  The focus of 

this study is establishing a 100% polyamide-66 textile substrate that is switchable and reversible between 

hydrophobic and hydrophilic states under stimulation of UV. 

 

In this study the behaviour of a polyamide-66 textile substrate, coated with three individual 

photoresponsive materials (azobenzene, titanium dioxide and zinc oxide), was investigated, under 

stimulation of 24 hours UV and one-week of storage period in dark conditions. Silicone was added to 

enhance the hydrophobicity of a titanium dioxide coated substrate. A switchability effect was detected, 

but no reversibility effect could be observed. The only organic photoresponsive material, azobenzene, 

obtained no significant results to conclude that an alternation between hydrophobic and hydrophilic was 

even present after 24 hours of UV radiation. However, azobenzene obtained more promising results on a 

100% polyester textile substrate. 

Even though, the H0 cannot be rejected for all three individual photoresponsive materials, the zinc oxide 

coated polyamide-66 substrate, did exhibit the strongest results in switchability and reversibility. Based 

on the characterization measurements, a switchability effect from a hydrophobic surface (ca. 120°) to a 

hydrophilic surface (0°) can be observed after 24 hours of UV radiation. Moreover, a reversibility effect 

was only reported on a zinc oxide coated polyamide-66 substrate. The substrate partially reversed back to 

its original state with ca. 50%.  

 

Fabricating intelligent substrates could enhance many challenges confiscating today’s life. For instance, 

the development of smarts membranes or microfluidic switches, that alternate their wettability upon light 

radiation, could improve the exhausting manual labour in watering the harvest good in the agricultural 

industry. Therefore, it is of great importance that further research will be conducted upon the 

photoresponsive material, zinc oxide, in order to achieve more stable results. This study can be added to 

the relatively small area of knowledge around switchability phenomenon on textile substrates and can 

even been reported as one of the first attempts on developing a textile substrate with switchable and 

reversible characteristics, by use of a facile and possibly industrialized method.  
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1 

1. Introduction 

 

Biomimicry literally means ‘imitate life’ and therefore providing sustainable solutions for 

challenges that are occurring in the human lives (Kapsali, 2015). The goal is to create 

products and processes that contribute to ‘new ways of living’. The biomimicking technology 

has been an interesting and active research topic for the past few years and it has been 

reviewed in a number of books and publications (Liu et al., 2012) (Swiegers, 2012) (Pan et 

al., 2014).  

      

So far, the world has learned a lot from nature. To date, the biomimic research that is 

published indicates that wettability in nature, e.g. self cleaning effect on a lotus leaf and 

striking superhydrophobic force by a water strider’s leg, is related to the cooperation between 

the chemical composition and the topography of the surfaces (Liu et al., 2005). In other 

words, when a smooth surface with the correct chemical make-up, that is creating a low 

surface free energy, is already water repelling, then a rough surface with the same chemical 

make-up will be even more repelling (Wenzel, 1936). By applying this principle the surface 

wettability like we, nowadays, know from nature can be simply copied (Liu et al., 2012). 

However, one of the characteristics of humans is to go beyond nature and search for 

innovations that cannot be found in the world, as we know it today. Liu et al. (2012, pp. 2071) 

expressed: “Biomimicking beyond nature is inspired by nature, but is achieving surface 

properties that nature does not know.”  

When building a construction that is partially inspired on nature, and, by partially adding 

smart responsive materials to the construction (Sun et al., 2004), special surface properties 

can be achieved. For instance, a surface change between hydrophobic and hydrophilic 

properties, under a certain stimuli. 

      

These surfaces with a special function in switchable and possibly reversible wettability, have 

stimulated interest due to their advantages in applications in daily life, industry, and 

agriculture (Sun et al., 2004), but have also created a broader knowledge about the wettability 

of a surface that could be used in future research (Liu et al., 2012). 

1.1 Hydrophobic and hydrophilic 

As stated during the first part of the 

introduction, reversible switchable 

wettability is defined by the surface free 

energy (Liu et al., 2005), created by a 

chemical compound and the surface 

topography (Chaudhury & Whitesides, 

1992) of a single substrate, that under 

stimuli of e.g. light, can be reversible altered 

between a superhydrophobic and 

superhydrophilic state (Liu et al., 2012).  In 

figure 1, the switchability effect is measured 

between the water contact angle (WCA) of the original state and the WCA upon stimuli. The 
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Figure 1. The switchability and reversibility effect 
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reversible effect is measured upon the storage period of the sample, in dark conditions. 

Recent studies have been focusing on the development of controlled switchable surfaces that 

answer to environmental stimulation (Liu et al., 2011) (Wagner & Theato, 2014) (Jiang & 

Wen, 2015). 

 

A hydrophilic surface is defined by its attraction towards water (Gooch, 2011) and has a 

water contact angle (WCA) of < 90°. A slightly hydrophobic surface has a WCA between 90° 

and 120° (Yu et al., 2005). A 

hydrophobic surface is described as 

a surface, which does not exhibit 

affinity for water (Gooch, 2011) and 

is set to be ≥ 120°.  

 

Sun et al. (2004) indicated that the 

roughness of a surface and a low 

energy coating, contributes greatly 

to enhance the hydrophobicity of the 

surface. This is due to the air caught in the space between a water droplet and the rough 

hydrophobic surface (Erbil et al., 2003).  

 

Photoresponsive materials that after stimulation increase their surface energy can create a 

hydrophilic surface. However, when creating a hydrophilic surface the topography of the 

surface can be equally contributing, due to the capillary wicking that occurs on a high surface 

free energy material. Meaning the ability of a liquid to flow in narrow spaces without the help 

of any external forces (Minko et al., 2003). The capillary wicking depends on the structure of 

the textile and its pore sizes (Tong, 2012).  

 

Establishing a surface that alternates between hydrophobic and hydrophilic derives from both 

its chemical composition (the photoresponsive material) and by the rough topography  (the 

textile substrate) (Minko et al., 2003).  

1.2 Mechanism of photoresponsive materials 

 

Photoresponsive materials 

can be divided into 

organic and inorganic 

materials (Liu et al., 

2012). The most studied 

organic photoresponsive 

material is the azobenzene 

(C12H10N2) (Rabek, 1992) 

(Natansohn & Rochon, 

2002) (Pomar, 2013). 

C12H10N2 (and its 

derivatives) can undergo a reversible trans-to-cis isomerization, seen in figure 3, whereby the 

trans-configuration has hydrophobic properties under dark conditions and is more 

thermodynamically stable (Han et al., 2011). This isomerization goes hand in hand with the 

Figure 2. Three water droplets resting on a solid surface 

forming a contact angle θ, ranging from hydrophobic to 
hydrophobic (Yu et al., 2005). 

Figure 3. C12H10N2 trans-to-cis isomerization illustrating a change in 

geometric shape and polarity if the molecule (Pomar, 2013) (Rabek, 
1992) 
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change in the geometric shape and polarity of the molecule, after UV radiation. The 

isomerization is characterized by the intensive UV absorption of the trans-isomer, while the 

weak absorption at longer wavelengths is coming from the cis-isomer, creating a more 

hydrophilic state (Hartley, 1937) (Wang et al., 2007). 

 

Titanium dioxide (TiO2) is one of the 

most studied inorganic photoresponsive 

material that can display photo-induced 

hydrophilicity during light exposure 

(Linsebigler et al., 1995) (Wang et al., 

2010) (Jiang & Wen, 2015) (Paul, 

2015) (Petroffe et al., 2015). As seen in 

figure 4, when TiO2 absorbs UV 

radiation, it will produce pairs of 

electrons and holes. The electrons of 

the valence band will become excited 

under light exposure. This excitement 

will result in these electrons (e-) 

moving to the conduction band, thereby 

creating positive-holes (h+) in the 

valance band. This stage is called the photo-excitation state (Linsebigler et al., 1995) and will 

increase the surface free energy, which will automatically increase the hydrophilicity of the 

surface.  

The interest in zinc oxide (ZnO) is increased drastically upon the last decade. When it comes 

to the mechanism of the photoresponsive material ZnO, a member of the inorganic materials, 

the mechanism works the same as TiO2. The only difference is that the UV absorption 

spectrum of ZnO is broader than the one from TiO2. Therefore, the interest goes out to ZnO, 

because it is a more consistent absorber across more wavelengths and can accomplish a more 

stable switchable effect (Li et al., 2013). 

1.3 State of the art  

As previously mentioned, the two most investigated oxides belong to the inorganic category 

and are ZnO (Aghamalyan et al., 2004) and TiO2 (Wang et al., 2007). They are mostly 

popular for their stable, non-toxic and highly reactive characteristics (Wagner & Theato, 

2014). However, the organic photoresponsive material azobenzene has received growing 

interest in the last decades, due to its biocompatibility (Corkey et al., 2014).  

1.3.1 Stimulation 

The most widely investigated stimuli are light (Petroffe et al., 2015), temperature (Bunker et 

al., 2002), pH (Jiang & Wen, 2015), solvents, electrolytes and mechanical action (Liu et al., 

2011). However, light is an especially attractive and powerful stimulus (Pomar, 2013). It is a 

stimulus that has been used regularly in previous research to control chemical reactions, 

special physical properties and biological evolutions (Jiang & Wen, 2015). Furthermore, 

photo irradiation (light) brings along some other advantages as well. Firstly, it is a stimulus 

that allows a contact-free stimulation (Wagner & Theato, 2014), and therefore minimizes 

contamination (Petroffe et al., 2015). Secondly, light is always present in nature. Furthermore, 

Figure 4. Photo excitation state of photoresponsive 
material TiO2 and ZnO (Linsebigler et al., 1995) 
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it exploits the optimal controlled wavelength, direction, illuminated area and intensity (Wang 

et al., 2007).    

 

There are several kinds of UV lights, but the three most important are UVA, -B or -C. UVA is 

ultraviolet radiation between 400-315 nm wavelength and consists of a long wavelength, 

UVB is between 315-280 nm wavelength and UVC has a short wavelength between 280-100 

nm (ISO21348:2007). The shorter the wavelength, the higher the energy of radiation and 

causing more damage to humans. The amount of UVA radiation reaching the earth is 20 times 

greater than UVB and it is always equally present during daylight and seasons. It even 

penetrates clouds and glass (Syed et al., 2012). Constructing a UVA light would be the closest 

reference to nature.  Therefore, UVA is chosen as stimulation source throughout all the 

experiments in this study. 

1.3.2 Titanium dioxide 

For the last 20 years TiO2 has been studied extensively as photoresponsive material (Liu et 

al., 2012) of its strong oxidizing power, chemical inertness and nontoxicity (Liu et al., 2005) 

(Wagner & Theato, 2014).  A great success was made in the approach of self-cleaning 

materials whereby the nano-coating of the textiles exists of TiO2 nanoparticles, which, in the 

presence of water, oxygen and UV, can clean the surface (Paul, 2015). Research claimed that 

the first reported effect of TiO2, whereby super hydrophilicity was reached through UV 

irradiation, was with the Fujishima’s group in 1997 (Wang et al., 1997). However, it was 

already accidently discovered in 1995 when TiO2 was combined with a certain percentage of 

SiO2 (Paul, 2015). It was seen that after a relatively short period (+/- 2 hours) being exposed 

to UV light (Wang et al., 1997), the surface turned super hydrophilic, according to the contact 

angle measurements and could stay in this state for a couple of days (Paul, 2015). Bunker et 

al. (2002), Minko et al. (2003) and Swiegers (2012) are claiming that after a long period 

(days) of dark storage the surface reverts slowly back to its original state. The conversion rate 

is not efficient enough yet, to claim any compatible use in the market (Petroffe et al., 2015).  

 

Sun et al. (2001) compared the change of contact angle of two thin film surfaces coated with 

ZnO and TiO2. The one hour UV radiation turned the water contact angles of ZnO and TiO2 

thin films from 109 to 5° and from 54 to 0°. The study of Sun et al. (2001), similar to this 

study, showed a doubled (54° and 109°) contact angle result of ZnO coated film in its original 

state, compared to the TiO2 coated film. TiO2 shows a clearly hydrophilic state when 

following figure 2. Even though, the originally state of TiO2 is reported to be already slightly 

hydrophilic, research also shows that under UV radiation the surface turns into a super 

hydrophilic state (Yu et al., 2005), with a WCA of 0°.  

1.3.3 Enhancing the hydrophobicity 

For the last decade multiple researchers have been adding silicones to surfaces to enhance the 

hydrophobicity (Tinga et al., 2014). Like reported before, literature shows that TiO2 in its 

original state has difficulty to reach a WCA of ≥ 90° (Sun et al., 2001). The aim of applying 

silicone to a surface is to help the photoresponsive material increase the hydrophobicity of the 

substrate.  Whether applying the silicone by dipping or spraying, the solution temperature 

should be kept below 30°C to prevent degradation of the treatment solution. Shin-Etsu 

Chemical Co., Ltd. (2014) stated a general rule whereby the heat setting of silicone coatings 

are capable of heating to 140‒180 °C.  
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Specified to amino-modified silicones, are reported to be well established as textile finishing 

agents as they not only provide softness, but also improve the physical property of the surface 

in terms of hydrophobicity. Research results of Down Corning Corporation show that amino-

modified silicones have the minimum influence on the stiffness of the substrate, while 

significantly increasing the hydrophobicity (Vazquez, 2004).   

1.3.4 Zinc oxide 

Research has demonstrated that the switchable reversible surface wettability, induced by 

light, is not only taking place on TiO2 but also on a ZnO coated surface (Sun et al., 2001). For 

the last decade, ZnO increasingly received attention as a photoresponsive material (Han & 

Gao, 2009). It can be customized to obtain unique properties for applications such as 

piezoelectric transducers, chemical gas sensors, and solar cells (Feng et al., 2004). Jiang & 

Wen (2015) showed that on a flat ZnO film the WCA decrease from 109° to 10° when 

exposed to UV light. While Feng et al (2004) showed a WCA transition on a ZnO aligned 

nanorods of 161.2° to 1.3°, upon 2 hours of UV radiation. The reversible effect was achieved 

after long-term dark storage, but no specific timeframe has been noted.  

 

There are many researchers that tried different ways of applying the ZnO on a surface through 

a, solution approach (Feng et al., 2004), a vapor-solid process (Huang et al., 2005), and a 

solution dipping template method (Li et al., 2004). There has even been a research claiming to 

create a reversible wettability on ZnO nanorod films by light lithography (Zhang et al., 2004). 

The studies report success in switchability effect upon all applicable methods mentioned, 

generalizing that ZnO can be applied throughout different methods. 

 

While TiO2 can handle temperature up till 600-800°C, ZnO can handle increasingly higher 

temperatures, around 2000°C (Earnshaw, 1984, pp.1117-19). Literature has reported for 

decades, that different heat treatments affect the coating formation on a surface (Pack, 1956) 

(Nienhuis, 2014). However, there is no clear pattern within literature in which 

photoresponsive research is performed at higher temperatures during the drying process of 

ZnO coating on a textile substrate. 

 

Like TiO2, ZnO is also an active ingredient in the sun-care industry. It absorbs UV radiation 

via a process of electron excitation called band-gap absorption. In contrast to TiO2, ZnO has a 

much broader UV spectrum, meaning that it can absorb more wavelengths at different nm. 

Therefore, ZnO is a stronger protection shield for the human skin. Since energy always has to 

go somewhere, and UV is quite strong, ZnO absorbs UV and turns it into comparably 

harmless infrared, which it disposed mostly as heat (Jiang & Wen, 2015). 

1.3.5 Azobenzene 

Photoresponsive materials based on organic molecules, have received growing interest in the 

last couple of years, mostly due to their biocompatibility (Han et al., 2011) (Pomar, 2013) 

(Corkey et al., 2014). The most studies organic photoresponsive material is Azobenzene 

(C12H10N2). Under UV radiation, C12H10N2 suffers a reversible trans-to-cis isomerization 

(figure 3). C12H10N2 could be a promising candidate in applications ranging from data storage 

to photomechanical actuators.  
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Literature clarifies that C12H10N2 has not yet been applied on textile substrates (Liu et al., 

2011) (Han et al., 2011) (Paul, 2015) as a switchable and reversible coating. However, several 

reports are published whereby successful switchability effects are detected on solid surfaces. 

Jiang et al. (2005) used an electrostatic self-assembly technique that was used to fabricate a 

photo-switched C12H10N2 monolayer on flat and rough films. Liu et al. (2011) researched the 

water droplet mobility that can be reversibly manipulated by using C12H10N2 as 

photoresponsive material on anodized alumina plates. While another research presented a 

facile method that combines layer-by-layer assembly and photoresponsive moieties onto the 

top surface of a film (Lim et al., 2006). However, Sun et al (2004) mentioned in his paper that 

the switchability effect can be obtained on the C12H10N2  coated surfaces, while the reported 

maximum CA change was only about ± 1°. Hartley (1937) can argue this phenomenon by 

stating that the cis-isomer is less stable than the trans-isomer, because the cis-isomer has a 

distorted configuration and is less delocalized than the trans-configuration. Pomar (2013) 

argues this phenomenon in her thesis study, reporting that the wavelength at which 

azobenzene isomerisation occurs depends on the particular structure of each azo molecule. 

Usually azobenzene in trans-isomer exhibits a low intensity absorption in the visible region 

(between 400-500 nm wavelength), and a much higher intensity absorption in the UV region 

(between 300-400 nm wavelength). However, in the cis-isomer state the intensity reaches its 

highest point between 250-300 nm wavelengths and is absorbing almost half of the 

wavelengths compared to the trans-isomer state, therefore concluded to not be as stable. 

 

Despite the small change that is seen in several results (Liu et al., 2011, p.3335), the same 

research is claiming that it is effectively switchable between (super)hydrophobic and 

(super)hydrophilic, as long as one can control the properties of certain topography of the 

surfaces and when inducing it with sufficient light.  

1.3.6 Textile substrate 

Many studies have been conducted on silicone films, aligned nanorod and titanium plates, but 

literature research did not reveal any effective study whereby the switchable and reversible 

effect was tested on a textile substrate (Paul, 2015). This study focuses on the application of 

the three photoresponsive materials on a polyamide-66 textile substrate. 

 

Polyamides (PA), also called nylon, are semi-crystalline polymers with excelled wear 

resistance and strong mechanical properties (Ensinger GmbH, 2016). PA 6 has a high 

temperature resistance and can therefore be better used in experimental studies, compared to 

for example polyester. Even though, polyester has a lower moisture absorption of ~0.4%, this 

study focuses on polyamide 66 with a moisture absorption of ~3.5% (Eberle, 2008). The 

moisture absorption makes polyamide slightly more hydrophilic, what can enhance the 

switchability effect of the coating after 24 hours of UV radiation. The applications for 

polyamide textiles can diverse in the sector of apparel, households and automotive (Eberle, 

2008). According to Tong (2012), the construction of a textile has its own influence on the 

wetting abilities. The capillary spaces created during the plain weave construction of the 

textile, can transport fluids through the substrate, also called capillary effects. However, this 

study will not distinguish between moisture absorption and capillary effects of the textile 

substrate.  
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1.3.7 Dip-pad-dry-cure method 

Literature is reporting many different ways to apply the photoresponsive materials on the 

substrate by for example electrostatic monolayer technique, vapour-solid processes or light 

lithography. However, these application methods require (complicated) pre-treatments and 

expensive laboratory equipment. In 2006, Qi et al. reported a facile method: the dip-pad–dry-

cure process. In this study a first attempt was made to apply transparent thin layer of 

nanocrystalline titania on cotton textiles. The claimed patent of Yao (2009) describes a quick-

drying textile. The dip-pad-dry method was used to apply the chemical needed on the textile 

that modifies the fabric's absorption properties. Then Qi et al. published again an article in 

2011 whereby the dip-pad-dry-cure method was favourable when applying coatings on 

textiles.  

 

Throughout literature the method showed a facile and relatively cheap process whereby it was 

divided in to two processes, which can be individually set from each other. In figure 5 an 

industrialized version of the dip-pad-dry-cure process is illustrated. 

 

In the ‘immerse and distribute’ process, the sample is firstly immersed in the solution (1.Dip), 

followed by the padding process, which creates a homogenous distribution of the solution on 

the surface of the substrate. Moreover, the sample is navigated through the drying process 

(3.Dry) and the curing process (4.Cure). Throughout this report this process is called the heat 

treatment.  

1.3.8 Applications 

Until today, literature has shown that no research is reported creating a switchable and 

reversible coating on a textile substrate. Many studies report performance of switchable and 

reversible experiments on titanium plates, glass- and silicone films, but this has not been yet 

reported on a textile substrate.  Therefore, this thesis will focus on creating new knowledge 

around tailoring a textile substrate that has a switchable and reversible effect, stimulated by 

UV radiation. It can have great potential in the field of rapid water motion systems (Wang et 

al., 2010), improvement of micro-fluidic devices when incorporated in textiles (Yu et al., 

Figure 5. Illustration of the industrialized version of the dip-pad-dry-cure method used to apply the 
photoresponsive materials on the textile substrate during this study. 
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2005), developing smart membranes (Jiang & Wen, 2015) and sensors (Minko et al., 2003). 

An example for an important application could be within agricultural use, when there is a 

need for different wettability levels on the same substrate. When land needs to be moisturized 

during the day, the sun that is at the same time drying out the land, will also be the stimuli to 

the coated substrate that is placed around or under the harvest goods covering the ground. 

Upon UV radiation, the substrate will increase the surface free energy and create a 

hydrophilic substrate that will absorb water and keep the goods moisturized. After sunset, 

with no UV radiation, the surface energy of the substrate will decrease and conform to its 

original hydrophobic state. If the process is reversible, it could be repeated several times, thus 

keeping the land automatically moisturized during the driest periods of the day and balances it 

by not over-watering them during the night. The switchable and reversible coating on a textile 

substrate could also be adding anti-bacterial properties to the substrate, as well as self-

cleaning properties, anti-reflective properties, anti-fogging properties and enhanced controlled 

wettability of the substrate (Jiang & Wen, 2015). 

1.4 Environmental aspects and concerns 

1.4.1 Focus on environmental aspects 

The agriculture industry can gain great successes when approaching the future application of 

this study. Especially when focusing on the example mentioned in the previous chapter 

‘Applications’ (chapter 1.3.8), whereas a sustainable application was approached.  

 

The current growth rate of agricultural that demands on the worlds freshwater resources, are 

very unsustainable. Inefficient use of water in the crop production can for example deplete 

aquifers1, reduces river flows, degrades wildlife habitats, and has caused salinization2 of 20% 

of the global irrigated land area, according to the food and agricultural organization of the 

United Nations in 2011.  

 

Agriculture consumes about 70% of the fresh water worldwide; for example, approximately 

1000 liters (L) of water are required to produce 1 kilogram (kg) of cereal grain from seed to 

packaging (Pimental et al., 2004). However, when only focusing on the water consumption 

during the growing process of the crop, a new term arises, irrigation3 (Deltawerken, 2016). It 

means that a farmer may decide to make its land more humid trough artificially manner. 

Irrigation is needed to keep the land in a constant moisturized state and includes several 

deliberately streams of water laid out on a piece of land. Although, irrigation is done in big 

amounts of water without any control and costs a lot of time and money, it is needed to keep 

the crop alive during dry periods of the day. 

 

Alexandratos & Bruinsma (2012) stated that presumably in 2050, the global agriculture will 

need to produce 60% more food to feed the population, which automatically means following 

up the high demands of water consumption during the growth of the crop. The water supply 

                                                
1 Aquifers = a rock, such as chalk, which will hold water or/and let it through (Oxford references). 
2 Salinization = the process of accumulating soluble salts in soil, usually by an upward capillary movement from a 

saline groundwater source (Oxford references). 
3 Irrigation = to inhibit the growth of organisms (Oxford references). 
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needed in the agricultural industry should therefore come from conservation, recycled water, 

or improved water-use efficiency.  

 

This thesis study accesses a new approach towards the water-use efficiency of only the first 

steps in growing the crop. The water consumption needed to moisturize the harvest could be 

balanced out by using a textile cloth, which adapts itself depending on the UV radiation. In 

order to grow any crop, there are two factors necessary: water and light. These two need to be 

in balance with each other. However, the problem arises that excessive sun light can dry out 

the land. In this case, the crop needs to be moisturized in order to stay alive and grow, what 

requires high water consumptions, like previous explained, is done by irrigation nowadays.  

 

This study uses a technique that automatically balances the wetting of the land by UV 

radiation. The land is covered with a cloth, which has holes for the crop to grow through. 

During night conditions no UV radiation takes place and gives the land a hydrophobic 

character, providing low water absorption. During the day, when UV is radiating the crop, the 

cloth will become water absorbent and therefore keeps the crop moisturized during the hottest 

periods of the days. In this solution less water consumption is necessary compared to the 

irrigation process..  

 

Like stated before, during irrgation several streams of water are covering the land to keep it 

moisturized, but has limited to no control. Over-watering and drowning the crop is a 

frequently happening mistake (Alexandratos & Bruinsma, 2012). With the outcome of this 

study (the textile cloth), less streams of water are needed due to the controlled environment 

the textile cloth is providing. This can be counted as first steps towards a sustainable approach 

within the environmental development of the agricultural industry in water-use efficiency.  

1.4.2 Environmental arguments on material choice  

The environmental arguments regarding the choice of photoresponsive material are briefly 

discussed.  

 Compared to ZnO, an issue with TiO2 is that it cannot convert absorbed UV as easily 

into heat as ZnO does. Instead, TiO2 is releasing the absorbed energy on nearby 

electrons, creating free radicals that can cause oxidative damage to cellular structures, 

e.g. human skin (Joni et al., 2009). However, because of the diversity of the potential 

applications of TiO2, it has aroused people’s research interest, which will potentially 

play an important role in environmental purification and solar energy conversion 

(Sun et al., 2001).  

 To date, many nanomaterials have been used in large commercial products, such as 

sunscreens, beauty products, detergents, pharmaceuticals and plastics. Although, 

nanomaterials are having a profound addition to our life’s, it can cause health risks 

for humans and nature (Elsaesser & Howard, 2012). The discussion is whatever the 

nanoparticles used in this study, TiO2 and ZnO, can cause significant damage. These 

nanoparticles are light and could be distributed in the air, when handled, causing 

humans and animals to inhale these nanoparticles. To date, there are only few studies 

on nanoparticle concentrations in the environment and their affects, noting with full 

certainty that there are any health risks (Elsaesser & Howard, 2012). 

 Photoresponsive materials based on organic molecules, like C12H10N2, have received 

growing interest in the last couple of years due to their biocompatibility and low 
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environmental impact (Han et al., 2011) and could therefore be more interesting for 

future research.   

 The silicone coating used by Dow Corning Corporation reported that their silicones in 

liquid could be effectively removed from municipal wastewater during treatment, 

because of their insolubility in water (Colas, 2005) and therefore are not threatening 

towards the environment when using it in production.  

1.5 Problem description 

The problem definition can be divided into two categories:  

1. Over the past years many researchers have been successful in making the surface 

switchable and reversible. However, all these studies are conducted on titanium 

plates, glass-, and silicones substrates. Establishing a reversible and switchable textile 

substrate is not yet reported (Liu et al., 2012) (Nakataa & Fujishimaa, 2012) (Paul, 

2015). 

2. The photoresponsive materials, C12H10N2 and ZnO have not yet been successfully 

applied through a potential industrialized facile method, establishing a switchable and 

reversible substrate (Liu et al., 2011).  

3. Literature is reporting many different ways to apply the photoresponsive materials on 

the substrate. However these application methods require (complicated) pre-

treatments and expensive laboratory equipment. This study will challenge a simple 

dip-pad-dry-cure method (Qi et al., 2006) to apply the three photoresponsive 

materials on the textile substrate. 

1.6 Focus of the thesis 

The focus of this study is to 

develop a PA 66 textile 

substrate that has a switchable 

and reversible effect, between 

hydrophobic and hydrophilic 

states, under stimulus of UV 

radiation and will likely go 

‘beyond nature’. The thesis 

will focus on a facile method 

to apply the three 

photoresponsive materials: 

C12H10N2, ZnO, and TiO2 on 

the textile substrates. The 

water contact angle (WCA), 

the surface free energy (SFE), and scanning electron 

microscope (SEM) measurements will perform the 

characterization of the coated substrate to observe the 

wettability change under stimulation of UV and after a 

one-week storage period in dark conditions. Figure 6 

illustrates a schematic overview of the focus group during 

the thesis.  

Figure 6. Illustration of the schematic overview of the study focus 

Figure 7. Cross-section of the final 

product consisting out of three 
layers 
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The final product exists out of three layers as can be seen in figure 7. The first layer is 

representing the textile substrate that has a rough surface and the second layer is the 

photoresponsive coating. The third layer is optional and serves as an extra surface coating, 

consisting of silicone elastomer to enhance the hydrophobicity of the surface.  

1.7 Research questions 

The study examines two opposing hypotheses, the null hypothesis and the alternative 

hypothesis. 

 

Null hypothesis (H0): If the roughness of the topography of the textile and the 

photoresponsive material are not present in the correct weight percentage, then the textile 

substrate will not be switchable and reversible under stimuli of UVA. 

 

Alternative hypothesis (H1): If the roughness of the topography of the textile and the 

photoresponsive material are present in the correct weight percentage, then the textile 

substrate should be switchable and reversible under stimuli of UVA. 

 

During this study, an attempt will be made to reject the H0 hypothesis. If the significance 

tests generate ≥ 95%, it is likelihood that the results do not fit the null hypothesis, in favour of 

the alternative hypothesis. To reject the H0, various experiments need to be performed, 

answering the following research questions: 

 

1) Switchability performance stimulated by UV-light: 

 a) Does the photoresponsive material show a switchable effect on PA 66 

 textile substrate? 

 b) Does the photoresponsive material show a reversible effect of PA 66 

 textile substrate? 

 

2) Photoresponsive material: 

 a) What is the performance of TiO2 on a PA 66 textile substrate? 

 b) What is the performance of ZnO on a PA 66 textile substrate? 

 c) What is the performance of C12H10N2 on a PA 66 textile substrate? 

 d) Which photoresponsive material obtains the strongest switchable effect? 

e) Which photoresponsive material obtains the strongest reversible effect? 

 

3) Method of Application: 

 a) Is the chosen method applicable for the three photoresponsive materials on

 a PA 66 textile substrate? 

 

 

 

 

 

 

 

 

 

https://explorable.com/significance-test
https://explorable.com/significance-test
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2. Materials & Methods 

The following information is concerning all the experiments: the experiments are relatively 

easy to achieve and have low implementation costs. The samples are prepared through a 

facile method called a dip-pad–dry-cure process (Qi et al., 2006). However, since there is no 

binder used in this study no curing is needed. The dry and cure process of the facile method is 

replaced by a heat treatment to increase the coating formation. The samples are, firstly, 

ultrasonically cleaned in deionized water (resistivity at ambient temperature >18.18 MΩ·cm; 

ASTM D5127), and then dried at ambient temperature before any use (Han & Gao, 2009). 

Different parameters were applied for the three individual photoresponsive materials. 

2.1 Experimental error 

The experimental error is measured by its accuracy and significance. Since the true or 

accepted value for the characterization data is unknown, it is not possible to determine the 

accuracy of the performed measurements. However, the irreproducibility of the experiments 

is measured by calculating the significance. The percentage difference measures the 

significance of two measurements by the difference between the experimental values E1 and 

E2, expressed as a fraction of the average of the two values, seen in eq. 3.  

 

     (3) 

 

 

 

Throughout the experiments, an estimated result of a set of measurements is reported as the 

average value of the measurements. The percentage difference calculated using eq. 3, 

expresses the significance of the average value of the performed experiment. During the 

WCA and SFE experiments, a measurement difference between two values of less than 10°, is 

observed as an equal result. 

2.2 Textile substrate PA 66 

The 100% polyamide-66 (PA 66; No. 3606, FOV Fabrics AB, Sweden) has a warp and weft 

of 180 dtex4 (plain weave 1/1) and a weight of 130 g/m2. The substrate was received washed 

and pre-set from FOV Fabrics AB. 

2.3 Titanium dioxide on PA 66 substrate 

Titanium dioxide (TiO2) was purchased from Evonik Industries, Germany under the name 

AEROXIDE® TiO2 P90 in powder form with a TiO2 content of ≥ 99.5%. The specific surface 

area (BET5) is established on 70-110 m2/g from the manufacturer. As TiO2 is a hydrophobic 

component, a dispersion agent is needed for a stable distribution of the nanoparticles in the 

                                                
4 dtex = decitex 
5 BET stands for Brunauer–Emmett–Teller and is an analysis technique for the measurement of the specific surface 

area of a material 
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water. The dispersing agent used for this matter is Lyocol RDN, purchased from Archroma 

India Private Ltd.  

 

Firstly, the dispersion agent, Lyocol RDN was diluted with deionized water until a 

concentration of 10 VOL% was reached. Secondly, from the Lyocol RDN-water dispersion, 

0.7 VOL% was transferred to an individual glass beaker, using an air-interface pipette. 

Thirdly, 4wt% of TiO2, was measured and added to the Lyocol RDN-water dispersion.  Table 

1 displays the correct ratio between the TiO2, Lyocol RDN and deionized water, labelled 

TIO-1. The weight- and volume percentages are chosen based on experimental results, which 

were performed in an earlier stage of the research. After five min of magnetically stirring the 

TiO2 was homogeneously dispersed. Finally, deionized water was added up to a total volume 

of 15 ml. The solution was kept in dark conditions by covering the glass beakers with 

aluminium foil to prevent activation of the TiO2 during light exposure.  
 

Table 1. Total volume of the solution in ml, of TIO-1. 

 
     

 

 

 

After the TiO2 solution was magnetically stirred at 500 r/p.m., for one hour, the cleaned 

textile substrate was dipped in the solution for two min and finally pressed with an automatic 

padder (padding machine HVF83313 from Werner Mathis AG, Switzerland) at a pressure of 

3 bars, to establish a homogeneous distribution on the substrate. After three rotations at a 

speed of 4 m/min, the padded substrates were dried at 130°C for 5 min in oven-1 and finally 

at 150°C for 3 min in oven-2. The coated substrates were wrapped in aluminium foil and 

stored in dark conditions at ambient temperatures, to prevent activation of the TiO2 coated 

substrates during light exposure. 

2.4 Zinc oxide on PA 66 substrate 

Zinc oxide dispersion (ZnO) was purchased from Sigma-Aldrich in a concentration of 50wt% 

in H2O. According to the manufacturer, the ZnO dispersion has a nanoparticle size of <100 

nm, with an average particle size of ≤ 35 nm.  Due to the temperature phenomenon described 

in the literature research, two different parameters are chosen to detect any difference when 

dried at different heat treatments. 

 

Firstly, the purchased ZnO dispersion was divided into two weight percentages, labelled as 

ZnO-1 (approx. 0.05wt%) and ZnO-2 (approx. 0.1wt%). Secondly, both weight percentages 

were put in each an individual glass beaker and filled up with deionized water until both 

beakers reached a total volume of 15 ml. Table 2 displays the correct ratio between the ZnO 

dispersion and deionized water. The weight percentages are chosen based on experimental 

results, which were performed in an earlier stage of the research. Both solutions were kept in 

dark conditions by covering the glass beakers with aluminium foil, to prevent activation of 

the ZnO solution during light exposure.  

 
 

 TIO-1 

TiO2  Lyocol RDN 0.7 ml 
Deionized water 14.3 ml 
Total 15.0 ml 
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Table 2. Total volume of the solution in ml, for ZnO-1 and ZnO-2 

 ZnO-1 ZnO-2 

ZnO dispersion 0.01 ml 0.02 ml 

Deionized water 14.99 ml 14.98 ml 

Total 15.00 ml 15.00 ml 
 

 

After both ZnO solutions were magnetically stirred at 500 r/p.m., for one hour, two cleaned 

textile substrates were dipped in the ZnO-1 solution and two cleaned textile substrates were 

dipped in the ZnO-2 solution, for two min. Then, all four immersed substrates were pressed 

with an automatic padder (padding machine HVF83313 from Werner Mathis AG, 

Switzerland) at a pressure of 3 bars to create a homogeneous distribution. After the four 

immersed substrates individually rotated three times at a speed of 4 m/min, the padded 

substrates were dried and cured at two different temperature levels (Temp1 and Temp2). The 

different temperature levels were selected based on previous experimental results, which were 

performed in an earlier stage of this study: 

  

Temp1) In the first heat treatment, the padded substrates were dried at 130°C for 5 

 min in oven-1 and finally dried at 150°C for 3 min in oven-2. Two coated 

substrates of both different weight percentages are dried through Temp1. 

Temp2) During the second heat treatment, the padded substrates were dried at 150°C 

for 5 min in oven-1 and finally dried at 170°C for 3 min in oven-2. Two 

coated substrates of both different weight percentages are dried through 

Temp2. 

 

The coated substrates were wrapped in aluminium foil and stored in dark conditions at 

ambient temperatures, to prevent activation of the ZnO coated substrates during light 

exposure. 

2.5 Azobenzene on PA 66 substrate 

Azobenzene (C12H10N2) in solid form (crystalline chunks) was purchased from Sigma-

Aldrich, with a purity of ≥ 97.5 % and a molecular weight of 182.22 g/mol, measured by the 

manufacturer.  To dissolve Azobenzene, 99.5 % ethanol absolute (AcroSeal®, Acros 

organics) was selected. Precautions were taken to avoid ethanol to evaporate at room 

temperature (Persad & Ward, 2010), thus paraffin sheets were chosen and placed over the 

experimental glass beakers during the preparations of the solutions. 

 

Firstly, two different weight percentages of C12H10N2 were prepared at approx. 4wt% (Azo-1) 

and approx. 10wt% (Azo-2) and added individually into two glass beakers. Secondly, the 

dissolver agent, ethanol was added up to a total volume of 15 ml. Table 3 displays the correct 

ratio between C12H10N2 and ethanol. The weight percentages are chosen based on 

experimental results, which were performed in an earlier stage of the research and concluded 

that a high quantity of C12H10N2 needs to be equally deposit onto the substrate surface to reach 

an alternation. Both solutions were kept in dark conditions by covering the glass beakers with 

aluminium foil, to prevent activation of C12H10N2 solution during light exposure. 
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Table 3. Total volume of the solution in ml, for Azo-1 and Azo-2 

 Azo-1 Azo-2 

C12H10N2 0.6 ml 1.5 ml 

Ethanol 14.4 ml 13.5 ml 

Total 15.0 ml 15.0 ml 
 

After both C12H10N2 solutions were magnetically stirred at 500 r/p.m., for one hour, one 

cleaned textile substrate was dipped in the Azo-1 solution and one cleaned textile substrate 

was dipped in the Azo-2 solution, for two min. Then, both immersed substrates were pressed 

with an automatic padder (padding machine HVF83313 from Werner Mathis AG, 

Switzerland) at a pressure of 3 bars, to create a homogeneous distribution. Finally, after both 

immersed substrates individually rotated three times at a speed of 4 m/min, the padded 

substrates were dried at 130°C for 5 min in oven-1 and followed by 3 min at 150°C in oven-2. 

The coated substrates were wrapped in aluminium foil and stored in dark conditions at 

ambient temperatures, to prevent activation of the C12H10N2 coated substrates during light 

exposure. 

2.5.1 Azobenzene on additional substrates 

At an earlier stage in the study, it had become evident that no wettability change after 24 

hours of UV was observed on a PA 66 substrate. Therefore, it was decided to examine the 

C12H10N2 solution on additional substrates, all processed from different raw materials. The 

method of application is identical to the coated PA 66 substrate. The additional substrates are 

100% cotton, 100% polyester (FOV Fabrics AB, Sweden) and standard glass substrates. 

2.6 Silicone coated on PA 66 substrate 

Silicone Quat Microemulsion (No. 5-7113) is a non-ionic emulsion of a cationized 

aminofunctional silicone polymer with a pH between 6 and 8, purchased from Dow Corning 

Corporation, USA. The silicone is applied as an extra layer on top of the TiO2 coating or 

underneath the TiO2 coating, to enhance the hydrophobicity of the PA 66 textile substrate. 

 

At first, the silicone was measured at two different weight percentages, labelled SIL-1 (approx. 

0.01 VOL%) and SIL-2 (approx. 0.05 VOL%) and added each in one glass beaker. Secondly, 

the beaker containing SIL-2 was filled up with deionized water until a total volume of 15 ml 

was reached. However, the second beaker, with SIL-1 had a too low silicone volume (ml) in 

order to be measured. Therefore, the beaker was added up to a total volume of 100 ml. Table 

4 presents the correct ratio between silicone and deionized water. The weight percentages are 

chosen based on experimental results, which were performed in an earlier stage of the 

research. The experiments showed that silicone needs to be applied carefully in small doses, 

because even the smallest changes in VOLUME% will influence the substrate 

hydrophobicity. Possibly not allowing any photoresponsive activity to take place. Since Dow 

Corining silicone has an outstanding UV stability (Wolf, 2003), the solutions did not need any 

protection against light exposure. Both solutions were magnetically stirred for one hour, at 

500 r/p.m. 
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Table 4. Total volume of the solution in ml, at SIL-1 and SIL-2 

 SIL-1 SIL-2 

Silicone 0.01 ml 0.01 ml 

Deionized water 99.99 ml 14.99 ml 

Total 100.00 ml 15.00 ml 

 

The silicone solutions, SIL-1 and SIL-2, were applied on a PA 66 textile substrate, seen in 

figure 8, by means of two different sequences, as primary coating (S1.) or as secondary 

coating (S2.): 

 

 

 

S1. The primary coating is built up out of a textile substrate, the photoresponsive 

material (TiO2), and followed by the silicone coating. This sequence is measured 

at two different VOLUME%. 

S2. The secondary coating is built up out of a textile substrate, firstly coated with 

silicone, followed by the photoresponsive material (TiO2) on top. This sequence 

is measured at two different VOLUME%. 

 

The four samples are dipped in their solutions for 2 min. Then, all four immersed substrates 

were pressed with an automatic padder (padding machine HVF83313 from Werner Mathis 

AG, Switzerland) at a pressure of 3 bars, to create a homogeneous distribution. After the four 

immersed substrates individually rotated three times at a speed of 4 m/min, the padded 

substrates were dried at 130°C for 5 min in oven-1 and eventually (cured) for 3 min at 150°C 

in oven-2.  

 

The samples are temporary stored in darkness, to slowly release the heat gained during the 

drying (and curing) process. After the four coated substrates released their heat they were 

placed in a 1L glass beaker, filled with deionized water. The water was magnetically stirred at 

500 r/p.m. Every half hour the deionized water was renewed and the glass beaker was 

thoroughly cleansed. This process was carried out up to three times. Finally, the coated 

substrates were dried at ambient temperature, while being wrapped in aluminium foil to 

prevent exposure to light. 

 

S1.     S2. 

Figure 8. Cross sectional view of the PA 66 textile substrate, coated in two different 

sequences. S1 is build up out of the textile substrate PA 66, then the photoresponsive 
material, TiO2 and finally the silicone coating at the surface. S2 is built up out of the 
textile substrate PA 66, followed by the silicone coating and the photoresponsive 
material, TiO2 as final layer. 
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2.7 Stimulation 

For the stimulation of the photoresponsive materials coated on the substrates, an 18W UVA 

light tube (Philips) is used to reconstruct the light present in nature. A self-assembled, closed 

off wooden box, covered with UV protection sheets, was used to ensure no outside radiation. 

All coated substrates were placed under the UVA lamp on a 10 cm distance, for a timeframe 

of 24 hours, without deliberate interruption. This timeframe was chosen based on 

experimental results, which were performed in an earlier stage of the research. Even though 

24 hours of UV radiation is not realistic in nature, it represents a solid timeframe whereby it 

can be observed if the photoresponsive coating performs the same results as literature on a 

polyamide-66 textile substrate. 

2.8 Characterization 

Firstly, all coated substrates were characterized by the water contact angle measurement 

(WCA), to observe its original state. After 24 hours of radiation, the coated substrates were 

once more characterized by the WCA to detect if the surface changed its wettability. The new 

WCA reports if there is any switchability effect present on the coated substrate. Then, once 

the coated substrate was contained in dark conditions for a storage period of one week, it was 

again characterized by the WCA to determine the reversibility effect. The WCA of the coated 

substrate, expressed as θ, will present the degree of conversion back to its original state. 

Figure 1 visualizes the definitions of switchability and reversibility effects. These steps 

include one cycle. To measure the repetitive switchable and reversible effect of the coated 

substrates, two or three cycles were repeated upon the experiments. 

 

Additionally, the coated substrates were characterized by two other methods: the surface free 

energy (SFE) and through the scanning electron microscope (SEM). The SFE experiments 

were performed to see how the surface free energy of the coated substrates changed upon 24 

hours of UV radiation. The SEM was used to define the topography of the coated substrate in 

its original state.  

 

Each time, before any WCA and SFE measurements were performed, the coated substrates 

were first placed in a preheated oven for 1 min set at 110°C. This is done to evaporate any 

moisture (e.g. when high humidity) absorbed by the coated substrates. Then the coated 

substrates were ironed, in the interest of a clear and easy performance of the experiments.  

2.8.1 Water Contact Angle measurements 

The wettability of a solid surface is commonly determined by the contact angle (CA). This 

gives information about the macroscopic surface wettability (Quere, 2008). For a liquid on a 

flat surface, the CA is considered to be the outcome of three different types of surface tension 

at the solid/liquid/gas interface, which is given by Young’s equation (Krupenkin et al., 2004) 

(Herminghaus et al., 2008). The θY refers to the Young’s CA that forms the equilibrium 

between the three interfacial tensions in eq. 1 (Quere, 2008).  

γsv = γsl+ γlv cosθY  (1) 

Based on Young’s equation, hydrophilicity refers to a CA of less than < 90° on solid surfaces, 

while hydrophobicity refers to CA ≥ 90°. 
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The water contact angle (WCA) was measured with the Theta Optical tensionmeter 

(BiolinScientific) at ambient temperature. The coated substrates were individually measured 

for ca. 10 min at daylight and recorded by the software program (OneAttension Software). 

After the machine was correctly set-up, the (coated) substrate was placed on a black cleaned 

plate located under the needle. A deionized water drop of 3 μl was gently installed on the 

(coated) substrate. The activity of the droplet was recorded and analysed from the moment the 

drop comes in contact with the (coated) substrate. Three seconds after the needle placed the 

droplet on the (coated) substrate the WCA of the (coated) 

substrate was recorded. To provide an acceptable precision of 

the measurements (significance tests), this experiment is 

repeated three times, following figure 9. 

2.8.2 Surface Free Energy measurements 

The surface free energy (SFE) measurement will bring 

information about the change in surface free energy before and 

after exposure to UV. Although the CA gives a sufficient result 

on the wettability of the substrate, CA also depends on the 

liquid used in the measurement. Therefore, an assessment of 

the SFE of a solid is needed to support the WCA data.   

 

There are several ways to calculate the SFE of a solid surface. During this study the most 

recently developed method is applied, the acid-base method (Biolin Scientific, 2016) (Wang 

et al., 2009). However, this method has been questioned, because of its sensitivity to even the 

smallest differences in the CA measurements or properties of the used liquids. However, acid-

base method gives more in-depth information about the surface properties than any other 

method, due to the usage of three liquids (with known properties) to determine the SFE; one 

dispersive (diiodomethane) and two polar (water and glycerol) (Biolin Scientific, 2016).  

 

  

(2) 
 

Viewing eq. 2, the θY refers to the Young’s CA (Quere, 2008). The surface tension of the three 

known liquids (one dispersive and two polar liquids) is shown in the equation as γlv
d 

(dispersive liquid), γlv
acid (first polar liquid) and γlv

base (second polar liquid). However, there 

are three unknowns, γsv
d (dispersive liquid on solid), γsv

acid (first polar liquid on solid) and 

γsv
base (second polar liquid on solid). The three unknown liquids 

on solids need to be measured to solve the equation. This is 

performed by measuring the CA, of the three liquids, on the 

coated substrate. The equation follows by calculating the root of 

the multiplied γsv and γlv values. Further, these three individual 

values are summed up. This equals 0.5γlv
total (1+θY 

total), what 

equals the SFE of the coated substrate, expressed in m/Nm. The 

equation is automatically calculated, using the software 

(OneAttension Software) of BiolinScientific. 

 

The surface free energy was conducted at ambient temperature 

using the Theta Optical tension meter (BiolinScientific). The 

Figure 9. Illustration of the 

measuring points (blue 
circles) on the coated 
substrate (grey square) 
when performing a WCA 
measurement 

Figure 10. Illustration of the 

measuring points (blue 
circles) on the coated 
substrate (grey square) 
when performing the SFE 
measurements 
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coated substrates were individually measured for ca. 10 min at daylight and recorded by the 

software program (OneAttension Software). Firstly, the CA was measured using the two polar 

liquids, deionized water and glycerol (Merck Millipore). Secondly, the CA was measured 

using the dispersive liquid, diiodomethane (Merck Millipore). The CA measurements of the 

three liquids on the coated substrates were automatically calculated, using eq. 2. To provide 

an acceptable precision of the measurements (significance tests) the experiment is repeated 

five times, as illustrated in figure 10.  

2.8.3 Scanning Electron Microscope  

A scanning electron microscope (SEM) scans a focused electron beam over a surface to create 

an image. The electrons in the beam interact with the sample, producing signals that can be 

used to obtain information about the surface topography (Bhushan, 2012, p.2394). Electrons 

have much shorter wavelengths than light therefore establishing better resolution 

(NanoScience Instruments, 2016). 

 

The JEOL JSM-6301F Scanning Electron Microscope located at the Chalmers University of 

Technology, Sweden is used for performing the SEM experiments. The sample is sputtered 

with 3 nm of gold and observed in the microscope. The images are captured at different 

magnifications. 
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3. Results 

The results are presented using the three characterization measurements: the WCA and SFE 

are detecting the wettability change before and after stimuli of UV and the SEM is used to 

capture the topography of the coated textile substrate in its original state before UV radiation. 

3.1 Significance percentage of the received results 

The percentage difference calculated (see table 6) using eq. 3, expresses the significance of 

the average value of the performed experiment. During the WCA and SFE experiments a 

measurement difference between two values of less than 10°, is observed as an equal result.  

 

Table 6. The significance tests in percentage of the average value of the  

WCA and SFE measurements performed on TiO2, ZnO, and C12H10N2. 

 WCA % SFE % 

TiO2 TiO2 4wt% - Silicone 0.01wt% 87.7 n/a 

TiO2 4wt% - Silicone 0.05wt% 97.9 60.4 

Silicone 0.01wt% - TiO2 4wt% 91.6 n/a 

Silicone 0.05wt% - TiO2 4wt% 94.9 89.1 

ZnO ZnO 0.05wt% - Temp1 70.8 69.3 

ZnO 0.1wt% - Temp1 97.0 94.6 

ZnO 0.05wt% - Temp2 86.6 86.2 

ZnO 0.1wt% - Temp2 99.9 97.0 

C12H10N2 C12H10N2 4wt% 92.5 n/a 

C12H10N2 10wt% 96.9 n/a 

 

A specification of the significance tests upon different cycles can be found in appendix A. 

3.2 Reference material 

The WCA of PA 66 substrate is measured at 23.3° (with a significance of 99.9%) and is 

shown in figure 11. Throughout the report, it will be named and shown in graphs, as the 

reference material.  

Figure11. Visualization of the WCA  

on plain 100% polyamide 66 substrate 
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3.3 Titanium dioxide coated on polyamide 66 substrate 

The WCA of PA 66 substrate coated with TiO2 4wt% was firstly measured in its original 

state, observing a WCA of ca. 68° (figure 12). After 24 hours of UV radiation the WCA of 

the coated substrate decreased until 0°. Throughout the second cycle, the WCA of the coated 

substrate did not convert back to its original state.  

 
The results that can be observed in figure 12 and the literature study (Sun et al., 2001) have 

demonstrated that a TiO2 coated substrate, in its original state, is slightly hydrophilic. 

However, the coated substrate did increases ca. 45° upon the reference material as can be seen 

in figure 11. To enhance the hydrophobicity (WCA ≥ 90°) of the TiO2 coated substrate, 

silicone is added. In figure 7, two different sequences of application of TiO2 and silicone, are 

applied on PA 66 substrates (S1 and S2). The following results are presenting the 

measurements performed on the two sequences. 
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Figure 12. Displaying the WCA results of TiO2 coated PA 66 substrate. The diamonds are presenting 

the WCA measurements of PA 66 substrate coated with TIO-1. The dashed line represents the 
reference material. The x-scale is showing the two cycles. 
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3.3.1 Titanium dioxide and silicone coated on polyamide 66 substrate 

3.3.1.1 WCA results 

Sample 1A was coated in the sequence of S1 (see figure 7). The PA 66 substrate was 

first coated with TIO-1 (approx. 4 VOL%) solution and then coated with SIL-1 

(approx. 0.01 VOL%) solution. The WCA, from the coated substrate in its original 

state, can be observed in figure 13. Results show that the coated substrate did not 

reach above 90°, therefore the coated substrate is defined as slightly hydrophilic (Yu 

et al., 2005). Whereas the coated substrate increased its WCA with ca. 60° compared 

to the reference material. After the coated substrate was exposed to 24 hours of UV 

radiation, the WCA decreased until 0°. Subsequently, after one week of storage 

period the coated substrate did not convert back to its original state. During the 

second cycle the coated substrate remained at a WCA of 0°. 

 

 

Figure 13. Displaying the WCA results of sequence 1 at low silicone content. The diamonds 

are presenting the WCA measurements of PA 66 substrate coated with TIO-1 and silicone 
content SIL-1. The dashed line represents the reference material. The x-scale is displaying the 
two cycles. 
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Sample 1B was coated in the sequence of S1 (reference to figure 8). Firstly, the PA 

66 substrate was coated with TIO-1 (approx. 4 VOL%) solution and then coated with 

SIL-2 (approx. 0.05 VOL%) solution. 

As displayed in figure 14, the WCA of the coated substrate in its original state, was 

measured at ca. 85°. This also means that the WCA of the coated substrate is 

relatively enhanced with ca. 60°, compared to the reference material. After the coated 

substrate was exposed to 24 hours of UV radiation, the WCA of the coated substrate 

was measured at 0°. After a storage period of one week, the coated substrate did not 

convert back to its original state. During the second cycle, the coated substrate 

obtained a constant WCA of 0°.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

84.9

0 0 0

0

20

40

60

80

100

120

140

160

1 2 3 4

C
o

n
ta

c
t 

a
n

g
le

 °

Original state                  24h UV                   Original state                   24h UV

Cycle 1 

 

Cycle 2 

 

C
o
n
ta

c
t 

a
n
g

le
 (

θ
) 

 

Figure14. Displaying the WCA results of sequence 1 at higher silicone content. The diamonds 

are presenting the WCA measurements of PA 66 substrate coated with TIO-1 and silicone 
content SIL-2.The dashed line represents the reference material. The x-scale is displaying the 
two cycles. 
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3.3.2 Silicone and titanium dioxide coated on polyamide 66 substrate 

3.2.2.1 WCA results 

Sample 2A was coated in the sequence of S2 (reference to figure 8). The PA 66 

substrate was firstly coated with SIL-1 (approx. 0.01 VOL%) solution and then 

coated with TIO-1 (approx. 4 VOL%) solution. 

In figure 15, the coated substrate was measured in its original state, observed at a 

WCA of ca. 81°. After 24 hours of UV radiation, the WCA, of the coated substrate, 

decreased with 100% upon the original state. For the second cycle, the coated 

substrate was measured at a constant WCA of 0°. Furthermore, the original state of 

the coated substrate increased with ca. 57° upon the reference material.  

 
Figure15. Displaying the WCA results of sequence 2 at low silicone content. The diamonds are 

presenting the WCA measurements of PA 66 substrate coated with silicone content SIL-1 and 
TIO-1. The dashed line represents the reference material. The x-scale is displaying the two 
cycles. 
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Sample 2B was coated in the sequence of S2 (reference to figure 8). Firstly, the PA 

66 substrate was firstly coated with SIL-2 (approx. 0.05 VOL%) solution and then 

coated with TIO-1 (approx. 4 VOL%) solution. 

In figure 16, the original state of the coated substrate, was measured at WCA of ≥ 

160°, what is observed as a highly hydrophobic substrate (Yu et al., 2005). 

Additionally, the coated substrate increased with ca. 138°, in comparison to the 

reference material. After 24 hours of UV radiation, the coated substrate decreased its 

WCA to ca. 24°. During the second cycle, the coated substrate was once more stored, 

for one week in dark condition, but revealed no significant difference. During the 

final 24 hours of radiation the WCA of the coated substrate decreased until 0°.  

 
Figure 16. Displaying the WCA results of sequence 1 at higher silicone content. The diamonds 

are presenting the WCA measurements of PA 66 substrate coated with silicone content SIL-2 
and TIO-1. The dashed line represents the reference material. The x-scale is displaying the 
two cycles. 
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3.3.3 SFE results S1 and S2 

The SFE experiments are based on the preferable samples, labelled 1B and 2B, because of the 

higher hydrophobicity in original state of both samples, observed during the WCA 

measurements. The SFE measurements are only performed upon the original state of the 

coated substrate. These two samples, (coated with SIL-2 solutions) are selected on the fact 

that these coated substrates have supplied the strongest results during the WCA 

measurements. For the SFE experiments, two new samples (1B-A and 2B-A) needed to be 

prepared. These new samples are prepared as accurately as possible in order to reproduce the 

samples 2A and 2B identically.  

 

The CA is measured of the three liquids with known properties (two polar and one dispersive 

liquid). A specification of the significance tests of the CA of the three liquids on samples 1B-

A and 2B-A can be found in appendix A. Figure 17 is presenting the total SFE, ytot [mN/m], 

of the applied acid-base method (eq. 2), calculated through the software. 

 

 
Figure 17. The outcomes of the SFE measurements of the acid-based method (eq. 2) of the samples 

1B-A and 2B-A. 

For both samples the measurement was only succeeded for the coated substrate in its original 

state. The SFE result of the samples, after 24 hours of UV radiation, was declared invalid as 

the value was expressed in a minus value. After five repeated measurements, the SFE 

measurement was still invalid.  
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3.3.4 SEM results 

The SEM experiment was conducted on the preferable sample 1B-A, because of its higher 

amount of silicone in the first sequence (S1, see figure 8). Figure 18 shows representative 

SEM images of the surface topography of a plain woven PA 66 substrate, coated with TIO-1 

solution (approx. 4 VOL%) and then coated with SIL-2 (approx. 0.05 VOL%). The surface of 

the substrate is fully covered in TiO2 and silicone, in particular notably seen in 18(d). The 

TiO2 and silicone coated PA 66 shows a homogenous distribution of the coating. However, 

only micro-size range of the particles can be observed, other than nano-size features. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 18. SEM images of the surface morphology of a PA 66 substrate coated with TIO-1, 

followed by a coating of silicone content SIL-2. The images are presented at a magnification 
of (a) 300x, (b) 1000x, (c) 3000x and (d) 8000x. 

(a) (b) 

(c) (d) 
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3.4 Zinc oxide dispersion coated on polyamide 66 substrate 

The PA 66 substrates coated with ZnO dispersion are divided into two different categories, 

depending on the heat treatment of two oven temperatures (Temp1 and Temp2). 

3.4.1 Zinc oxide dispersion coated on polyamide 66 substrate at Temp1 

3.4.1.1 WCA results 

Sample 3A was coated with ZnO dispersion, named ZN-1 (approx. 0.05 VOL%) and 

underwent a heat treatment of Temp1. This includes drying at 5 min on 130°C and 3 

min at 150 °C. Firstly, as seen in figure 19, the WCA of the coated substrate in its 

original state, was observed at ca. 104°, this implicates an increase of the WCA upon 

the reference material of ca. 81°. Secondly, the substrate was exposed to 24 hours of 

UV radiation, what generated a 0° WCA. Subsequently, after a storage period of one 

week the WCA of the coated substrate, increased about 27°. Hence, the coated 

substrate partially converted back to its original state, with 26.3%. During the second 

cycle the coated substrate was, again, exposed to 24 hours of radiation and decreased 

the WCA of the coated substrate until 0°. In the course of the third cycle, the coated 

substrate was once more stored in dark conditions for a timeframe of one week. The 

WCA of the coated substrate increased up to ca. 13°, what is observed as no 

significant change in angle. During the last 24 hours of UV radiation, the WCA of the 

coated substrate decreased until 0°.  

 

 
Figure 19. Displaying the WCA results of ZN-1 at Temp1. The squares are presenting the 

WCA measurements of PA 66 substrate coated with ZN-1 dispersion (approx. 0.05 VOL%) at 
heat treatment Temp1. The dashed line represents the reference material. The x-scale is 
displaying the three cycles.  
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Sample 3B was coated with ZnO dispersion, named ZN-2 (approx. 0.1 VOL%) and 

underwent a heat treatment of Temp1. This includes drying at 5 min on 130°C and 3 

min at 150 °C. Firstly, examine figure 20, it can be observed that the coated substrate 

in its original state, reached a WCA of ca. 113°. This implicates an increase of 90° 

compared to the reference material. After the substrate was exposed to 24 hours of 

radiation, it decreased to a WCA of 0°. After a storage period of one week in dark 

conditions, the coated substrate partially converted back to its original state, with 

40.4%, equivalent to a WCA of ca. 46°. In the course of the second cycle, the coated 

substrate was once more exposed to UV radiation for a timeframe of 24 hours. This 

generated no significant change in WCA. During the third cycle, the storage period of 

one week in dark conditions, increased the WCA of the coated substrate up to ca. 56°. 

Therefore, covering 49.5% of the conversion back to its original state. After the third 

time of 24 hours UV radiation, the WCA of the coated substrate decreased until ca. 

41°, what is observed as no notable change. 

 

 
Figure 20. Displaying the WCA results of ZN-2 at Temp1. The squares are presenting the 

WCA measurements of PA 66 substrate coated with ZN-2 dispersion (approx. 0.1 VOL%) at 
heat treatment Temp1. The dashed line represents the reference material. The x-scale is 
displaying the three cycles. 
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3.4.1.2 SFE results 

The SFE is based on the samples, named 3A and 3B and are only performed upon 

one cycle. For the SFE experiments, two new samples (3A-a and 3B-a) needed to be 

prepared. These new samples are prepared as accurately as possible in order to 

reproduce the samples 3A and 3B identically. 

 

The CA is measured of the three liquids with known properties (two polar and one 

dispersive liquid). A specification of the significance tests of the CA of the three 

liquids on samples 3A-a and 3B-a can be found in appendix A. Figure 21 is 

presenting the total SFE, ytot [mN/m], of the applied acid-base method (eq. 2), 

calculated through the software.  

 
Figure 21. The outcomes of the SFE measurements of the acid-based method (eq. 2)  

of the samples 3A-a and 3B-a. 

 

For both samples, 3A-a and 3B-a, the SFE significantly increased upon 24 hours of 

radiation. In comparison, they encounter only a small difference in the original state, 

while the SFE measurements after 24 hours of radiation; indicate that there is 

compelling difference of ca. 250 mN/m. Sample 3A-a (referred to the PA 66 coated 

substrate with the lower amount of ZnO and lower heat treatment) achieved a higher 

SFE measurement after 24 hour of radiation, than sample 3B-a (referred to the PA 66 

coated substrate with the higher amount of ZnO and lower heat treatment).  
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3.4.2 Zinc oxide dispersion coated on polyamide 66 substrate at Temp2 

3.4.2.1 WCA results 

Sample 4A was coated with ZnO dispersion, named ZN-1 (approx. 0.05 VOL%) and 

underwent a heat treatment of Temp2. This includes drying at 5 min on 150°C and 3 

min at 170 °C. Firstly, sample 4A, displayed in figure 22, was measured in its original 

state with a WCA of the coated substrate of ca. 109°. This also means that the WCA 

of the coated substrate is enhanced in comparison to the reference material, with ca. 

85°. After the sample was exposed to 24 hours of UV radiation, the coated substrate 

alternated into a WCA of 0°. After a week of storage period, in dark conditions, the 

WCA of the coated substrate increased up to ca. 51°, hence partially converting back 

to its original state with ca. 47%. During the second cycle, the coated substrate was 

again exposed to 24 hours of radiation and decreased the WCA to ca.16°. In the 

course of the third cycle, the coated substrate was once more stored in dark conditions 

for the timeframe of one week. Anew, the WCA of the coated substrate increased 

substantially with ca. 40°. It can be observed that the coated substrate converts back 

to its original state for ca. 52%. During the last UV radiation of 24 hours, the sample 

decreased once more the WCA of the coated substrate until ca. 18°.  

 

 
 

 

 

 

 

 

 

 

 

Sample 4B 

 Sample 4B was coated with ZnO solution containing 0.1wt%  

 Dried for 5 min on 150 °C and cured for 3 min at 170 °C 

 

The results in figure 19 show that the substrate, in its original state, reached a highly 

hydrofobic WCA of ±130°. After the sample was exposed to 24 hours of radiation, 

the surface became superhydrophilic, with a WCA of 0°. After a storage period of 

one week, the substrate did not convert back to its original state. During the second 

and third cycle the substrate still did not restore to it’s original state and kept a WCA 

of ± 0°.  
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Figure 22. Displaying the WCA results of ZN-1 at Temp2. The squares are presenting the 

WCA measurements of PA 66 substrate coated with ZN-1 dispersion (approx. 0.05 VOL%) at 
heat treatment Temp2.The dashed line represents the reference material. The x-scale is 
displaying the three cycles. 
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Sample 4B was coated with ZnO dispersion, named ZN-2 (approx. 0.1 VOL%) and 

underwent a heat treatment of Temp2. This includes drying at 5 min on 150°C and 3 

min at 170 °C. The results, presented in figure 23, show that the coated substrate, in 

its original state, reached a highly hydrophobic WCA of ca. 128°, implicating an 

increase of 105° relatively to the reference material. After the sample was exposed to 

24 hours of radiation the surface alternated into a WCA of 0°. After a storage period 

of one week in dark conditions the coated substrate did not convert back to its 

original state. In the course of the second and third cycle, the coated substrate still did 

not restore to its original state and kept a WCA of 0°.  
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Figure 23. Displaying the WCA results of ZN-2 at Temp2. The squares are presenting the WCA 

measurements of PA 66 substrate coated with ZN-2 dispersion (approx. 0.01 VOL%) at heat 
treatment Temp2.The dashed line represents the reference material. The x-scale is displaying 
the three cycles. 
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3.4.2.2 SFE results 

The SFE is based on the samples, named 4A and 4B and are only performed upon one 

cycle. For the SFE experiments, two new samples (4A-a and 4B-a) needed to be 

prepared. These new samples are prepared as accurately as possible in order to 

reproduce the samples 4A and 4B identically. 

 

The CA is measured of the three liquids with known properties (two polar and one 

dispersive liquid). A specification of the significance tests of the CA of the three 

liquids on samples 4A-a and 4B-a can be found in appendix A. Figure 24 is 

presenting the total SFE, ytot [mN/m], of the applied acid-base method (eq. 2), 

calculated by the software.  
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radiation. In comparison, they encounter only a slight difference in the original state, 

while the SFE measurements after 24 hours of radiation; indicate that there is a 

substantial difference of ca. 85 mN/m. Sample 4B-a (referred to the PA 66 coated 
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lower amount of ZnO and higher heat treatment). 
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Figure 24. The outcomes of the SFE measurements of the acid-based method (eq. 2)  
of the samples 4A-a and 4B-a. 
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3.4.2.3 SEM results 

The SEM experiment was conducted on the preferable sample 4A-a, because of its 

strongest reversibility effect. Figure 25 shows representative SEM images of the 

surface topography of a plain woven PA 66 substrate, coated with ZN-1 solution 

(approx. 0.05 VOL%) and with Temp2 as heat treatment, in its original state. On the 

images presented in figure 25(a) white dots can be seen at a magnification of 1000X. 

At a higher magnification of 15000x, figure 25(d), several ZnO nanoparticles can be 

observed that are smaller than approx. 100 nm. The SEM images show a homogenous 

distribution of the ZnO nanoparticles coated on the textile substrate. 

  

Figure 25. SEM images of the surface morphology of PA 6.6 + ZnO 0.05wt% at a 
magnification of 1(a) 1000x, (b) 3000x, (c) 8000x and (d) 15000x. 

(a) (b) 

(c) (d) 
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3.5 Azobenzene coated on several substrates 

3.5.1 Azobenzene coated on PA 66 substrate 

3.4.1.1 WCA results 

Sample 5A was coated with C12H10N2 at approx. 4wt%, labelled as Azo-1. After the 

Azo-1 solution was applied on the substrate, the WCA was measured at ca. 54° 

(figure 26). This implicates that the WCA of the coated substrate is enhanced relative 

to the reference material, with ca. 30°. After the coated substrate was exposed to 24 

hours of UV radiation, it did not measure any change in WCA that is notable. During 

the second cycle the sample did not show any significant change in wettability.  
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Figure 26. The triangles in the graph are presenting the WCA results of PA 66 substrate 

coated with Azo-1.The dashed line represents the reference material. The x-scale is displaying 
the two cycles. 
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Sample 5B, illustrated in figure 27, was coated with C12H10N2 at approx. 10wt%, 

labelled as Azo-2. Firstly, the coated substrate was measured, in its original state, at a 

WCA of ca. 51°, meaning that the coated substrate increased upon the reference 

material with ca. 27°. After the coated substrate was exposed to 24 hours of UV 

radiation, the coated substrate measured no notable differences in WCA. In the course 

of the second cycle, the coated substrate did not change its WCA. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 27. The triangles in the graph are presenting the WCA results of PA 66 substrate 

coated with Azo-2.The dashed line represents the reference material. The x-scale is displaying 
the two cycles. 
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3.5.2 Azobenzene coated on additional substrates  

At an earlier stage in the study, it had become evident that no wettability change could be 

observed when coated C12H10N2 on a PA 66 substrate. Therefore, it was decided to examine 

the C12H10N2 isomerization upon 24 hours of radiation, on to additional substrates, all 

processed from different raw materials (see figure 28). 

3.5.2.1 WCA results of C12H10N2 coated onto 100% CO 

Two 100% cotton substrates were coated with C12H10N2 , at a weight percentage of 

approx. 4 wt% and 10wt%. In the course of the first and second cycle, the WCA of 

the coated substrate, was measured at 0°.  

3.5.2.2 WCA results of C12H10N2 coated onto 100% PES 

Two 100% polyester substrates were coated with C12H10N2 , at a weight percentage of 

approx. 4wt% and 10wt%. The coated polyester (approx. 4wt%), in its original state, 

was observed at a WCA of ca. 83°, implicating that the WCA of the polyester sample 

increased with ca. 190% compared to the plain polyester reference material. After the 

coated substrate was exposed to 24 hours of UV radiation the WCA increased up to 

ca. 114° (increase of ca. 35%). After the sample was stored in a dark environment for 

a timeframe of one week, the coated substrate increased its WCA with ca. 20°. 

During the second cycle the sample was once more exposed upon 24 hours of UV 

radiation, hence decreased the WCA of the coated substrate with ca. 14°. The WCA 

of the coated polyester (approx. 10wt%), was observed at 126°. The WCA of the 

coated substrate increased with ca. 340% in comparison with the plain polyester 

reference material.  After the coated substrate was exposed upon 24 hours of UV 

radiation, the WCA decreased to ca. 88° (decrease of ca. 44%). After the sample was 

stored in dark conditions for a storage period of one week, the coated substrate did 

not alternate its WCA. In the course of the second cycle, the coated substrate was 

once more placed for 24 hours under UV and subsequently measured at ca. 92°.  

3.5.2.3 WCA results of C12H10N2 coated onto glass substrate 

Two glass substrates were coated with C12H10N2 , at a weight percentage of  approx. 

4wt% and 10wt%. The coated glass substrate (approx. 4wt%), in its original state was 

observed at a WCA of ca. 57°. After the sample was exposed to 24 hours of UV 

radiation, the WCA of the coated substrate did not covert at all. After the coated 

substrate was stored in a dark environment for one week, the WCA of the coated 

substrate decreased a not notable difference. During the second cycle the coated 

substrate was once more exposed to 24 hours of radiation and again did not decrease 

its WCA. The WCA of the glass substrate (approx. 10wt%) was measured at ca. 65°. 

After the sample was exposed upon 24 hours of UV radiation, the WCA of the coated 

substrate decreased to 59°, what can be observed as no difference. In the course of the 

second cycle, the coated substrate kept the same WCA. 
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Figure 28. The filled circles are presenting the WCA measurements of 100% polyester substrate coated with C12H10N2 10wt%. The empty circles are 

presenting the WCA measurements of 100% polyester substrate coated with C12H10N2 4wt%. The filled squares are presenting the WCA measurements of the 
glass substrate coated with C12H10N2 10wt%. The empty squares are presenting the WCA measurements of the glass substrate coated with C12H10N2 4wt%. 
The filled diamonds are presenting the WCA measurements of 100% cotton coated with C12H10N2 10wt%. The empty diamonds are presenting the WCA 
measurements of 100% cotton coated with C12H10N2 4wt%. From top to bottom, the first dashed line represents the reference material of the glass substrate. 
The second dashed line represents the reference material of 100% polyester. The third dashed line represents the reference material of 100% cotton. The x-
scale is displaying the two cycles of experiments. 
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4. Discussion 

Many studies have shown successful switchability and reversibility of photoresponsive coated silicone 

and glass films. This study has focussed on detecting any switchability and reversibility effect by 

applying three photoresponsive materials individually on a textile substrate, which can be seen as one of 

the first attempts in research on controllable wettability of a textile substrate. 

4.1 Discussion of TiO2 and silicone coated PA 66 substrates 

TiO2 is one of the most researched, inorganic photoresponsive materials. Many studies have been 

conducted around the alternating wettability properties of TiO2 on a silicone or glass film, but not yet on a 

textile substrate. Jiang & Wen (2015) are stating that TiO2 coated on a nanorod film endures a stable 

switchable effect and can be even called reversible. The study reports a WCA reached of ca. 163° after 

dark storage, whereas, via UV radiation, the WCA became 0°. These measurements are not obtained in 

this study as can be seen in figure 12. The TiO2 PA 66 coated substrate reached in its original state a 

WCA of ca. 68°, what is observed as (slightly) hydrophilic according to figure 2. Sun et al (2001) stated 

in their report that TiO2 coated surfaces result in a (slightly) hydrophilic WCA, before UV radiation takes 

place. The reason, for the (slightly) hydrophilic character of the PA 66 substrate in its original state, could 

be reasoned by the highly excitement of the electrons in the valance band (referring to figure 4). 

Linsebigler et al. (1995) argues that this phenomenon is due to the strong oxidative potential of the 

positive holes in the photo-excitation state. It is assumed that these electrons are possibly extremely 

sensitive to UV radiation and possibly sensitive to not only light stimulation. Therefore, TiO2 coated 

substrates can already results in hydrophilic properties, before any UV radiation takes even place. 

 

Even though, the original state was observed as slightly hydrophilic (ca. 68°), after 24 hours of UV 

radiation the surface free energy of the coated substrate increased and thereby reduced the WCA of the 

coated substrate to a highly hydrophilic surface (Yu et al., 2005), of 0°. Furthermore, in figure 12, no 

reversibility effect was detected, after one-week of storage period in dark conditions, according to the 

WCA measurements. However, Bunker et al (2002), Minko et al (2003) and Swiegers (2012) confirmed 

in their studies, that a storage period of several days (assuming less than one week) under dark conditions 

would be enough to convert TiO2 back to its original state. Reasoning for their foundings can be due to 

the fact that they performed their research on pre-treated silicone films, to create a high nano roughness 

that easily enhances the hydrophobicity. According to Petroffe et al (2015) the main problem with 

inorganic photoresponsive materials is the time needed for the kinetic switching. It would make inorganic 

photoresponsive material more interesting on compatible level, if the storage period in dark conditions 

would decrease to one or two days. However, figure 12 is clearly showing that a non-pre-treated PA 66 

coated textile substrate with TiO2 (4wt%), does not convert back to its original state upon one-week of 

storage period. 

 

Based on these results, silicone was added to the TiO2 coated PA 66 substrate in two different sequences, 

in order to enhance the hydrophobicity of the original state. The illustration of these two different 

sequences of application on a PA 66 substrate can be found in figure 8. Sample 1A and 1B where applied 



40 
 

through the first sequence (S1) and samples 2A and 2B where applied through the second sequence (S2). 

The samples 1A, 1B and 2A (figure 13,14, and 15) were measured in their original state at a WCA of ca. 

80°. This result is observed as (slightly) hydrophilic (Yu et al., 2005).  Therefore, it can be stated that the 

silicone only increased the WCA with ca. 12° in comparison with figure 12 and did not cover the 

expectations to enhance the hydrophobicity of the original state. In all three cases (figure 13, 14 and 15), 

it can be assumed that the silicone was not applied properly on the PA 66 substrate, since the WCA was 

still measured at (slightly) hydrophilic. The application method of pad-dip-dry-cure method (Qi et al., 

2006) can have a reason behind the unequal coating of the silicone layer on the textile substrate. Even 

though, the researcher followed a strict and accurate procedure, the method has a harsh approach to the 

coated textile substrate (Qi et al., 2006). This means that there is a low control over the amount of 

solution absorbed on the textile substrates. After the silicone was applied onto the PA 66 substrate, the 

coated substrate is washed with deionized water for half an hour by use of magnetically stirring. This 

process was repeated three times to enhance and activate the silicone coating on the substrate. There is a 

possibility that this process needs to extend the repetitions to increase the hydrophobicity of the coated 

substrate. An alternative could be applying the silicone through a spray solution instead of immersing and 

padding (referring to figure 5), whereby a thinner and more equal distribution layer could be established 

on the substrate surface (Owen & Dvornic, 2012, p.265) (Shin Etsu, 2014).  Incidentally, it can also be 

assumed that there is applied a to low silicone content to even enhance the hydrophobicity of the original 

state.  

 

However, the measurements of sample 2B illustrated in figure 16 show a strong switchable effect. The 

WCA of the coated substrate was firstly measured at ca. 160° in its original state and could therefore, 

according to Yu et al. (2005) be defined as a (highly) hydrophobic surface. After 24 hours of UV 

radiation the coated substrate increased its surface free energy and thereby automatically decreased the 

WCA to a hydrophilic surface of ca. 23°. The applied silicone layer (approx. 0.05 VOL%) increased the 

hydrophobic character of the original state. The second layer of TiO2 (approx. 4 wt%) was coated over the 

silicone layer. Even though, adding a silicone coating can make the surface automatically more repellent 

to additional coatings (Vazquez, 2004), the results show that there is a possibility to enhance the 

hydrophobicity, by applying first the silicone and then the photoresponsive material. The presumption can 

be made that the silicone and the TiO2 were both homogenously coated on the PA 66 substrate and that 

there was a good adhesion present between the different layers.  However, no reversible effect could be 

detected upon one-week of storage period. What could be related to the case that the TiO2 coated 

substrate needs more than a one-week of storage period in dark conditions to covert back to its original 

state (Petroffe et al., 2015). 

 

During the SFE experiments a different pattern was detected that possibly could be called an illegitimate 

error, according to Taylor (1997). In figure 17 the results of the acid-based method of newly prepared 

samples 1B-A and 2B-A, were declared as not valid, sine the surface free energy decreased after 24 hour 

of UV radiation, instead of increased. This can be explained by the SEM images illustrated in figure 18. 

The images show that the amount of silicone extensively covers the entire substrate of sample 1B-A. 

Therefore, it is assumed that no conversion of TiO2 could have taken place, stating that the TiO2 coating 

(layer 1), buried under the silicone coating (layer 2), has not been activated upon the 24 hours of UV 

radiation. Continuing on figure 17, it is suspicious why the SFE could not obtain sufficient results for 

both samples 1B-A and 2B-A. It can be questioned why the SFE measurements of the coated substrates, 
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after 24 hours of UV radiation, were declared non-valid after repeatedly five measurements. However, the 

acid-base method has been criticized by its sensitivity to even small variations in the contact angle 

measurements or properties of the used liquids (Biolin Scientific, 2016). During the birth of this study, 

several experiments, regarding the silicone quantity on PA 66 substrate were carried out. From these 

results it was concluded that the silicone coating needed to be applied at low concentration and needs to 

be carefully dosed. During even a slight increase in quantity, the TiO2 coated substrate does not alternate. 

Referring back to the images of the SEM measurements and considering the fact that no concrete results 

have been obtained from the SFE, it can be assumed that an excessively high concentration was 

accidently applied on the textile substrate. Concluding that the silicone concentrations are highly 

sensitive. Moreover, it could also be assumed that the silicone coating was not homogenously distributed 

on the PA 66 substrate, therefore causing bulky accumulations of excessive amount of silicone coating on 

one spot. Repeatedly, this can be possibly caused by the application method of pad-dip-dry-cure method.  

4.2 Discussion of ZnO dispersion coated PA 66 substrates 

Next to TiO2, the development of the switchable and reversible effect was likewise constructed on a ZnO 

coated PA 66 substrate. Firstly, the PA 66 substrates were coated with dispersed ZnO at two different 

weight percentages (approx. 0.05wt% and 0.1wt%). Secondly, the coated substrates were dried at two 

diverse heat treatments (Temp1: 130°/150° and Temp2: 150°/170°), to define distinct differences in 

results upon different temperatures.  

 

Discussing the results of the samples 3A and 3B (Temp1), observed in figure 19 and 20, the WCA of the 

coated substrates, measured in its original state was observed at ≥ 100°. What is stated to be hydrophobic, 

according to Wang et al (2010). Jiang & Wen (2015) showed that on a ZnO coated flat silicone film the 

WCA decrease from 109° to 10° when exposed to UV light, what can be related to the obtained results 

during this study. However, during the literature research it was found that several studies claimed a 

switchable and reversible effect, alternating between superhydrophobic (> 150°) and superhydrophilic (< 

5°). Such an example of a study is Feng et al (2004) , that reported a WCA transition of a ZnO aligned 

nanorod film, of 161.2° to 1.3°, after 2 hours of UV radiation. These measurements could not be reached 

in this study and can be derived from the difference in substrates. Continuing discussing the results of the 

samples 3A and 3B (figure 19 and 20) it can be seen that after 24 hours of UV radiation the surface of the 

coated substrate became 0°. Figure 21 substantiated this fact by showing an extensive increase in surface 

energy upon 24 hours of UV radiation. On both samples, 3A and 3B, a switchability effect was observed, 

as well as a partial reversibility of the original state. Sample 3A (figure 19) converted back to its original 

state with ca. 25% upon one-week of storage period, in the course of the first cycle. Sample 3B (figure 

20) converted back to its original state with ca. 40%, upon one-week of storage period, during the first 

cycle. It can be concluded that at a higher amount of ZnO dispersion coated on the PA 66 substrate, not 

only the hydrophobicity of the original state induced, but also the converted percentage of the reversibility 

increased in the first cycle. Furthermore, compared to TiO2 coated PA 66 substrate, the storage-period of 

one week is adequate to generate reversibility for a ZnO dispersion coated on a PA 66 substrate. 

 

Reviewing the results of sample 4A (approx. 0.05wt% at Temp2), displayed in figure 22, it is seen that 

the switchability and reversibility effect is repeatedly present upon the three cycles. The reversibility is 

counted on a converting percentage of ca. 50% throughout the three cycles. The higher heat treatment and 
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the lower quantity of ZnO dispersion generated a more stable reversibility effect, because of the fast 

coating formation at higher temperatures and the less storage time needed at lower concentration, to 

convert back to its original state.  

 

Ramaratnam et al. (2008) reported that developing a hydrophobic substrate means re-producing a 

homogenous surface to a certain extent, as can be seen on a lotus leaf. The SEM images of sample 4A 

seen in figure 25 show the surface topography of the coated substrate. A homogenous distribution of 

nanoparticles smaller than 100 nm can be observed at a magnification of 15000 times (figure 25d). These 

images argue the strong results found in the WCA measurements in figure 22. 

 

As mentioned before, it is assumed that increasing the amount of weight percentages of ZnO could most 

likely increase the hydrophobicity of the original state of the ZnO coated substrate. This is corresponding 

to the WCA results observed of sample 4B (figure 23). The WCA of the coated substrate, sample 4B, was 

measured at ca. 130°. This could be argued by assuming that the ZnO dispersion (approx. 0.1wt%) is 

applied on the substrate in a sufficient higher concentration. After 24 hours of radiation the surface free 

energy of sample 4B (figure 24) increased and the WCA was set at 0° (figure 23). However, after one-

week of storage period in dark conditions, the coated substrate did not convert back to its original state. 

The higher concentration of ZnO dispersion and the higher heat treatment can cause the coated substrate 

needing a longer storage period. Since, the storage period was only one week, the WCA did not show any 

wettability change.  

 

While TiO2 can handle temperature up till 600-800°C, ZnO can handle increasingly higher temperatures, 

around 2000°C (Earnshaw, 1984, pp.1117-19). Literature reports for decades different heat treatments 

affect the coating formation on a surface (Pack, 1956) (Nienhuis, 2014). The presented results in this 

study are substantiating Pack (1956) and Nienhuis (2014), by showing that increasing the temperature, 

stabilizers the switchable and reversible effect of the photoresponsive material coated on the substrate 

(figure 22 and 23). Additionally, the results show that increasing the temperature with only 20°C does not 

have significant high influence (WCA of only ca. 10°) on the hydrophobicity in its original state.   

 

When summarizing the results, focussing only on the switchability effect, obtained on a ZnO coated PA 

66 substrate at lower temperature (Temp1) a WCA of 109° to 0° can be obtained. When increasing the 

temperature of the heat treatment a WCA of 118° to 0° can be achieved. Summarizing the results of the 

switchability effect, relatively to the ZnO VOLUME% deposit on the PA 66 substrate, it is observed that 

at a lower VOLUME% a WCA of 104° to 0° can be obtained, while at a higher VOLUME% a WCA of 

120° to 0° is reached. The SFE results confirm these outcomes. Meaning that at higher VOLUME% and 

at a higher temperature during the heat treatment, the hydrophobicity in original state increases. The 

VOLUME% and temperature increase have no influence on the results obtained after 24 hours of UV 

radiation.  

 

Pointing out only the reversibility effect on a ZnO coated PA 66 substrate, a different pattern can be 

detected.  At low temperatures the coated substrate is partially converting back to its original state with 

only 25%. Increasing the temperature implicates a higher conversion back to its original state with 54%. 

However, the reversibility effect at lower ZnO VOLUME% coated PA 66 substrate has a higher 

conversion back to its original state (38%), then when increasing the VOLUME% (20%). The 
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reversibility at lower VOLUME% but at higher heat treatment, has obtained a stronger result. This is due 

to the increase in storage period when increase the VOLUME% and temperature of the heat treatment. 

Thus it is assumed that at high VOLUME% more storage period is needed to generate the same 

conversion back to its original state as at low VOLUME%. Eventually no full reversibility took place on 

any ZnO coated PA 66 substrate after one-week of storage period. No theme could be found upon the 

second and third cycle. 

4.3 Discussion of azobenzene coated substrates 

C12H10N2, the only organic photoresponsive material experimented during this study, was applied at two 

different weight percentages (approx. 4wt% and 10wt%), on a PA 66 substrate and finally characterized 

to detect any switchable and reversible effects. The results show that the coated substrates, in their 

original state, did increase the WCA with ca. 25°, comparable to the reference material 23°. However, 

throughout the two cycles there was no significant change in WCA of the coated substrates measured. 

Meaning that no wettability change was observed upon the samples names 5A and 5B (figure 26 and 27). 

Pomar (2013) debates whether the samples required a longer exposure time to UV, than for example the 

24 hours time exposure used in this study. Since no wettability change occurred in WCA, it can be 

assumed that for a variety of reasons, the cis-isomer is less stable than the trans-isomer. According to 

Hartley (1937) the cis-isomer has a distorted configuration and is less delocalized than the trans-

configuration. Usually azobenzene in trans-isomer can adsorb wavelengths between 300-400 nm, what 

corresponds to the UVA radiation. However, in the cis-isomer state the intensity reaches its highest point 

between 250-300 nm wavelengths and according to Pomar (2013) absorbs almost half of the wavelengths 

compared to the trans-isomer state, therefore arguing with Hartley (1937) concluded that the cis-isomer is 

not as stable as the trans-isomer. This can be comparable to the fact that no wettability changes have 

occurred during this study. 

 

Several more experiments are performed on different raw material substrates, like 100% cotton, 100% 

polyester and glass substrates, to detect any wettability change in contact angle. The results shown in 

figure 27 are presenting a positive switchability effect upon the 100% polyester substrate. For the approx. 

4wt% coated polyester substrate, the WCA increased with ca. 190% compared to the plain polyester 

reference material. For the approx. 10wt% coated polyester substrate, the WCA increased with ca. 340%, 

compared to the plain polyester reference material. This phenomenon could be argued by the already 

hydrophobic properties of 100% polyester substrate (Eberle, 2008). After 24 hours of UV radiation the 

polyester sample containing approx. 10wt% of C12H10N2 , decreased the WCA of the coated substrate with 

ca. 44% (WCA < 90°), observed as slightly hydrophilic. In the course of the second cycle the coated 

substrate did not convert back to its original state and stayed throughout the second cycle at a WCA of 

85°-90°. A switchability effect can be observed, but the polyester coated substrate cannot be called 

reversible. The polyester sample containing approx. 4wt% of C12H10N2 strangely increased upon 24 hours 

of radiation with ca. 35%. When the coated polyester substrate was stored in dark conditions for a time 

frame of one-week, the sample increased once more its WCA with 60%. The assumption can be made 

that the C12H10N2 was not correctly dried during the heat treatment, thereby the substrate dried upon a 

longer timeframe. Since the WCA measurements are observed shortly after the substrate is coated, there 

is a possibility that the coated polyester substrate was not fully dried and set when the characterization 

was performed. 
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The glass substrate and the cotton substrate did not show any alternative wettability after 24 hours of UV 

radiation. For the 100% coated cotton sample, it is assumed that the raw material has a to high absorption, 

while for the glass substrate, the flat surface showed difficulties applying the C12H10N2 solution on to the 

surface. According to Paul (2015) a pre-treatment of the glass substrates is needed to increase the 

adhesion between coating and substrate. However, during this study there was no pre-treatment applied.  

4.4 Application method 

The dip-pad-dry-cure method (Qi et al., 2006) is a facile, inexpensive and (environmental) friendly way to 

apply the photoresponsive materials on the textile substrates. Studies often use (complicated) pre-

treatments and expensive laboratory equipment. These methods are assumed to be chosen based on the 

choice of the solid substrate. However, textiles are, compared to for example titanium- and glass films, 

flexible, slightly hydrophilic and have a rugged topography (Paul, 2015). These are advantages, which 

can facilitate the application process and therefore making the dip-pad-dry-cure method a relatively cheap 

and easy method to industrialize. The (environmental) friendly aspects of this method are lying in the low 

energy costs and short preparation processes of the textiles. 

 

During this study, it is found that the dip-pad-dry-cure method cannot be used for all the three 

photoresponsive materials. When applying the silicone on the TiO2 it can be assumed that the dip-pad-

dry-cure method applied one layer on the substrate. Even though, a strict and accurate procedure was 

followed by the researcher, the dip-pad-dry-cure method can be stated to have a ‘harsh’ approach as can 

be seen also in the wide error bars in several graphs. Literature argues if the phenomenon is due to the 

little to no control during the ‘dip’ stage of the method, whereby the solution is absorbed on the substrate 

surface at probably different levels, depending on the photoresponsive solution.  

 

For ZnO dispersion coated on a textile substrate the dip-pad-dry-cure method reached a successful result. 

As can be seen in the SEM images (figure 25), the nanoparticles were homogenously distributed over the 

surface. The ZnO dispersion was ordered from the company, while the TiO2 and C12H10N2 were dispersed 

and dissolved shortly before application on the substrate. 

 

An additional reason for the not successful results of C12H10N2 coated substrates can be argued by Jiang et 

al (2005). He described in his paper that C12H10N2 probably needs to be applied on a surface by a 

monolayer assembly. It is questionable, if the dip-pad-dry-cure method applied in this research, was 

possibly not applicable for coating a PA 66 textile substrate with a C12H10N2 solution, since the method is 

applying the solution through a one-layer action. 

4.5 Environmental outcomes  

4.5.1 The application method 

There are two different ways to look at the drip-pad-dry-cure method. It could be possibly seen as a threat 

in terms of harmfulness towards the environments focussing on the heat treatment. It consists of 

‘middle/high’ temperatures that require certain energy consumption. However, since the time frame of 
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exposure in the heat treatment is relatively shortly, it is not seen as a high-energy consuming process. 

Therefore, the dip-pad-dry-cure method could be seen as an environmental friendly process looking at the 

inexpensive and facile aspects of the method. 

4.5.2 Research results 

This study focussed on the long-term balance of the environment by testing the influences of the heat 

treatment on ZnO coated PA 66 substrates. Results have shown that at slighter higher temperatures the 

reversibility of the coated substrate is of higher performance, supporting the durability of the end-product.  

Although, it could be questionable if the reversibility is sufficient enough in contrary to the possibly 

energy costs needed to increase the heat treatment, the durability of the end product is of higher 

importance and has more impact than the slightly increased energy consumptions.    

 

However, during this study the reversibility only converted back with ±50%, during the three cycles, what 

eventually comes down on an uncompleted cycle. The question that rises is: Stands the increase of 

temperature during the heat treatment, parallel to a higher percentage of reversibility of the end-product? 

This question could be answered when further research is conducted around the durability of the PA 66 

textile substrate coated with, for example, ZnO. 

 

Additionally, study outcomes have shown that the durability of the end product could also be managed by 

increasing the ZnO amount on the textile substrate. This action highly improved the hydrophobicity and 

slightly improved the reversibility. This fact can be explained by the outcomes that showed that a higher 

amount of photoresponsive particles on the substrate, are most likely needing an elevated heat treatment, 

to eventually activate the lager amount of ZnO particles that initiate the reversibility effect of the coated 

substrate surface. 

4.5.3 Life cycle of the product 

To date, many nanomaterials have been used in large commercial products, such as sunscreens, beauty 

products, detergents, pharmaceuticals and plastics. Admitting that nanotechnology is perfectioning the 

way of life, there are many (accidental) releases of nanomaterials into the environment that can poses 

health risks (Elsaesser & Howard, 2012). The toxicity of nanoparticles depends on their chemical 

composition. Nanoparticles that are used in this study, like ZnO and TiO2, are chemically stable in 

powder form. However, these nanoparticles are light and could be distributed in the air, when handled. 

Even though, there are few literatures researching the effects of nanoparticles on the environmental 

species, studies on inhaling the nanoparticles have shown considerable damage in human bodies 

(Elsaesser & Howard, 2012). Ramanchandran (2011) pointed out that TiO2 could induce a severe lung 

inflammation when inhaled a high doses and ZnO nanoparticles could cause oxidative damage to DNA 

(Dunford, 1997). 

 

A Swiss study published in 2013 (Gottschalk et al., 2013), the concentrations of some common types of 

nanoparticles (including TiO2 and ZnO), which eventually end up in the environment. The study found 

that the destination of the nanoparticles depends on their usage. For example, ZnO nanoparticles 

accumulates in sewage sludge. However, this is often spread on crop fields as a fertilizer. Therefore it can 

be called into question if the ZnO coated PA 66 fabric (for moisture stability on crop fields studied in this 

http://www.greenfacts.org/glossary/tuv/toxicity.htm
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research) will contribute to a more sustainable process. Not forgetting, the increased health risks when the 

comestibles are growing out of the fertilized fields full of ZnO nanoparticles.  

 

During the lifecycle of the coated PA 66, there will be a chance that the coating could fall off the woven 

fabric, due to washing or abrasion. This unfortunate phenomenon can cause the nanoparticles to distribute 

in the air and eventually cause damage to the environment. To avoid any coating, existing out of 

nanoparticles, to fall off the fabric during use, a binder could be relevant. This is not investigated during 

this study, but could be advised in future research. Furthermore, it will be difficult to prevent nanoparticle 

release into nature, when the product reaches the end of its life cycle. Synthetic fabrics are non-

biodegradable. Therefore, polyamide 66 as a woven fabric cannot be fully recycles, but only be ‘re-used’ 

into for example carpet fibers or other value products (CSDS, 2016). During the re-use process, the fabric 

will be shredded, what allows the nanoparticles to be distributed in the air, due to the nano size and light 

weight of the nanoparticles and the fact that they react strongly with biological structures. This process 

will probably cause an increase of health risks. It is therefore questionable how defined and important it is 

to re-use the product, when possibly the damage to the human health could be more significant.  

 

Aditionally, an other issue with TiO2 is that it cannot convert absorbed UV as easily into heat as ZnO 

does. Instead, TiO2 is releasing the absorbed energy on nearby electrons, creating free radicals that can 

cause (minimum) oxidative damage to the human skin (Joni et al., 2009). However, as mentioned before, 

TiO2 has increased the enthusiasm of the people over the past couple years, because of it’s diversity and 

will therefore still be interested to use. 

 

Eventhough C12H10N2, have received great interest last couple of years due to the biocompatibility and 

low environmental impact, it was found to be resistant to biodegration when tested. Therefore, suggesting 

that azobenzenes could cause environmental health risks when released in nature (Howard, 1990). 

Unfortunately, exposure of the effects of organic photoresponsive materials is limited by yet insufficient 

knowledge and could be exploited in future research (NanoCap, 2009).  
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5. Conclusions 

Many studies have been conducted around the alternating wettability properties of photoresponsive 

material on a silicone or glass film, but not yet on a textile substrate. The amount of WCA and SFE 

measurements performed on PA 66 substrates, before and after radiation during several cycles, makes it 

possible to conclude that there is indeed a switchable effect present under light stimuli, using the 

inorganic photoresponsive materials.  

 

The results obtained from this study (WCA ≤ 90°) showed that a TiO2 (4wt%) coated substrate needs a 

second component to enhance the hydrophobicity of the substrate in its original state. During this study 

silicone is selected as a second component. The silicone (0.05wt%)-TiO2 (4wt%) coated substrate shows, 

that after 24 hours of UV radiation, the WCA decreased from ca. 162° to 24° (94.9% significance of the 

measurements). This is because a homogenous distribution of the two components was present on the PA 

66 substrate, as assumed. However, during the SFE measurements (89.1% significance of measurements), 

the coated substrates were reproduced, and no switchability was detected upon 24 hours of UV radiation. 

As well as the SFE measurements as the SEM pictures conclude that, when a to high concentration of 

silicone is applied and when the coating is not (at least partially) homogenously distributed, the WCA will 

not alternate at all upon 24 hours if UV radiation. To reach a more homogenous distribution of the 

particles on the surface of the substrate, it is recommended establishing a thin layer of silicone, what can 

be achieved through a spray solution. The pad-dip-dry-cure method offers less to no control over the 

absorption and distribution of the coating on to the substrate surface. With a total significance of the 

measurements of 92.9%, it can be concluded that there is indeed a switchability effect present on the 

substrate surface. However, no reversibility could be observed. 

 

Even though the WCA results, obtained from measuring ZnO coated substrates, showed that the WCA of 

three out of the four experiments, in original state, had an average of ca. 108°, it revealed that a higher 

amount of ZnO dispersion on the PA 66 substrate, will lead to a higher WCA of e.g. ca. 130°, 

concomitantly when increasing the temperature of the heat treatment. After 24 hours of UV radiation the 

WCA of the coated substrate decreased to 0°. Jiang & Wen (2015) showed that on a flat ZnO film the 

WCA decrease from 109° to 10° when exposed to UV light. This case could be complementary to the 

results obtained from this study. Although the results obtained from this study show a more favourable 

result, with a WCA result obtained from 130° to 0°, after 24 hours of UV radiation. 

 

Additionally, the reversibility effect was only observed on coated ZnO substrates. The reversibility 

increases upon the temperature increase. Meaning that, applying the ZnO dispersion onto a PA 66 

substrate through a drying process of 5 min-150°C and a curing process of 3min-170°C (Temp2), will 

generate a conversion of ca. 50% back to its original state. This stands in relation to the decrease in 

VOLUME%, since a low quantity on the substrate surface means less storage period in dark conditions.  

Based on the WCA results (88.6% significance of the experiments) and SFE measurements (91.2% 

significance of the experiments) a switchability effect from hydrophobic (ca. 130°) to superhydrophilic 

(0°) and a reversibility effect of ca. 50%, can be observed at a higher heat treatment. Even though, ZnO 

obtained the strongest switchable and reversible effect on the PA 66 substrates, substantiated by the SEM 

images of a partially homogeneous distribution of the nanoparticles, the H0 cannot be rejected, due to the 

≤ 95% significance.  
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The performance of C12H10N2 on a PA 66 substrate, characterized by the WCA, brought the biggest 

challenge, since literature already mentioned a difficulty in confirmation upon UV radiation on a 

C12H10N2 coated substrate. Throughout the two cycles no significant change in WCA of the coated PA 66 

substrate, was measured (94.7 % significance of measurements), what leads to the conclusion that the 

trans-to-cis conformation was not activated upon 24 hours of radiation and possibly requires longer 

exposure to UV to activate the trans-to-cis configuration. An alternative can be drawn from the literature 

research, whereby Jiang et al (2005) mentioned to stabilize the cis-isomer through a monolayer method. 

However, it can be concluded that a higher concentration of C12H10N2 onto the several substrate results in 

a stronger hydrophobicity of the original state. The 100% polyester substrate with 10wt% C12H10N2 

accomplished a WCA decrease of 44% upon 24 hours of UV radiation. 

 

The most interesting conclusion is that the dip-pad-dry-cure method is a facile and low cost applicable 

method, which yielded good results on applying ZnO and partially TiO2 on to the textile substrates. This 

method was not successfully applicable for PA 66 substrate coated with a C12H10N2, because of its low 

control of absorption on the substrate surface, during the ‘dip’ step. 

 

Even though, the H0 cannot be rejected for all three photoresponsive materials (due to a significance level 

of ≤ 95%), ZnO at a higher VOLUME% coated on PA 66 substrate did show the strongest results in 

switchability and reversibility effect on the surface, selecting the high temperature level (Temp2) as heat 

treatment. Although, the ZnO coated substrate with a higher temperature treatment resulted in better 

reversibility results, there was no significant great difference.  

 

In order to achieve a better water-use efficiency, this study can contribute to the first steps adding a 

(smart) function to the textile cloth (end-product), which is balancing out the moisture absorption of the 

land by day and night. Therefore, the (smart) coating on the textile substrate is creating a re-usable and 

durable end-product and is overtime decreasing the water consumption in the agriculture industry. 

Although, this study has partially shown that the durability of the end-product will be impacted mostly by 

increasing the temperature of the heat treatment of the dip-pad-dry-cure method rather that the amount of 

ZnO, the biggest ‘environmental’ outcome for the future is to inflate the amount of ZnO particles on the 

substrate surface. The results show that the focus of a sustainable end-product is parallel to increasing the 

amount of ZnO.  

 

As mentioned before, during irrigation no control is possible, since excessive amount of water streams are 

used to moisturize the crops. When applying the end-product in the agriculture, the environmental 

efficiency of water use and eventually the profitability, could be managed. On a long term future 

perspective, the end-product could replace irrigation of the land and create a next positive environmental 

friendly product in the agriculture. 

 

It is of high importance to conduct further research in developing a stable switchable and reversible 

coating on a textile substrate. It could have successful impact in the agricultural industry. This study can 

be added to the relatively small area of knowledge around switchability phenomenon on textile substrates 

and can even been reported as one of the first attempts on developing a textile substrate with switchable 

and reversible characteristics, by use of a facile and possibly industrialized method.  
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6. Future research 

Based on the fact that the H0 cannot be rejected for all three photoresponsive materials, it is of high 

importance to increase the significance percentage of the study. This could be done by for example, 

focusing on one photoresponsive material with multiple parameters, like e.g. drying and curing process, 

weight percentage of the photoresponsive material, storage period, time of UV exposure etc. 

 

A wide number of inorganic materials are used for stimuli responsive surfaces. However, the main 

problem with these materials is the too long time needed for the kinetic switching, like Petroffe et al. 

(2015) reported already in literature. A one-week storage period in dark conditions was not enough time 

to fully convert back TiO2 and ZnO coated substrates, to their original state. It would be interesting to see 

how much storage time is actually needed. 

 

Since ZnO obtained the most strongest and stable alternating effect upon light radiation, it would be 

interesting to increase the hydrophobicity of the substrate in its original state. Even though, there was a 

reversibility effect present, it only partially converted back to its original state, for ca. 50%. Several 

options could be performed: (1) The silicone coating could enhance the hydrophobicity of the surface. 

However, it should be further investigated in which order the silicone and ZnO can be successfully 

applicable on the substrate. (2) By increasing the amount of ZnO dispersion on the substrate, as the results 

have shown a higher hydrophobicity of the original state. 

 

According to literature and the presented results in this study, the C12H10N2 should be tested through an 

assembled layer-by-layer method to accomplish a switchability effect on the textile substrate. 

Furthermore, it would be interesting so see if an increase in UV exposure time could convert the trans-

isomer into cis-isomer, however this is not realistic in nature. 

 

Since no accurate conclusions could be drawn about the order of application of the TiO2 and silicone onto 

the substrate, it would be of interest to individually capture the topography of the coated substrates with a 

SEM, to detect a reproducible pattern of the coating application on the textile substrate. 

 

Since the 100% polyester woven substrate, already consist of a hydrophobic character; it could be 

interesting to see if the inorganic photoresponsive material could accomplish a more successfully 

switchability and reversibility effect on the 100% polyester substrate. 

 

During this study, the focus was mainly on the determination if photoresponsive coatings were applicable 

on a textile substrate. Therefore, the conclusions are primarily based around the physical methods. In the 

future it would be interesting to focus on the chemical aspects of the kinetics around the storage period of 

TiO2 coated substrates and why C12H10N2 coated substrates were not able to change their wettability after 

24 hours of UV radiation.  

 

This study can be seen as on of the first steps into a knowledge branch upon alternating textile surface 

wettability under stimuli. Future research is needed to encourage the textile industry in the area of 

switchability, to bring better understanding of the wettability conversion phenomenon and hopefully to 

promote further applications. 
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Appendix 

A. Experimental error; details for WCA and SFE 

 

In table 7, the significance tests of the average values of the WCA measurements are shown.  
 

Table 7. The significance tests in percentage of the average value of the WCA measurements performed on TiO2 

and silicone, ZnO and C12H10N2 

 Cycle 1 Cycle 2 Cycle 3 
Original 
state % 

24h UV 
% 

Original 
state % 

24h UV 
% 

Original 
state % 

24h UV 
% 

TiO2 4wt% + Silicone 0.01wt% 50.9 99.9 99.9 99.9 n/a n/a 

TiO2 4wt% + Silicone 0.05wt% 91.9 99.9 99.9 99.9 n/a n/a 

Silicone 0.01wt% + TiO2 4wt% 66.6 99.9 99.9 99.9 n/a n/a 

Silicone 0.05wt% + TiO2 4wt% 91.7 98.9 88.9 99.9 n/a n/a 

ZnO 0.05wt% – Temp1 99.9 99.9 51.7 50.9 74.3 48.1 

ZnO 0.1wt% – Temp1 82.9 99.9 99.9 99.9 99.7 99.9 

ZnO 0.05wt% – Temp2 90.3 99.9 98.2 68.4 84.5 78.0 

ZnO 0.1wt% – Temp2 99.9 99.9 99.9 99.9 99.9 99.9 

C12H10N2 4wt% 83.7 99.9 90.6 95.8 n/a n/a 

C12H10N2 10wt% 95.3 93.8 99.9 98.7 n/a n/a 

 

 

In table 8 and 9 the experimental significances of the CA measurements of the two polar liquids, water 

and glycerol, and the dispersive liquid, diiodomethane, on the coated substrate sample name 1B-A and 

coated substrate sample name 2B-A. The significance is based on the percentage differences of five 

performed measurements and used to display the experimental errors. Glycerol obtained the highest 

significance, followed by water and diiodomethane. 

 
Table 8. Significance tests of the CA of two polar and one dispersive liquid on the coated substrate 1B-A 

Sample 1B-A Original state (%) After 24h radiation (%) 

Deionized water 96.9 79.3 

Di-iodomethane 99.9 77.9 

Glycerol 97.6 99.9 

 
Table 9. Significance tests of the CA of two polar and one dispersive liquid on the coated substrate 2B-A 

Sample 2B-A Original state (%) After 24h radiation (%) 

Deionized water 99.9 99.4 

Diiodomethane 59.2 62.3 

Glycerol 98.1 98.0 
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In table 10 and 11 the experimental significances of the CA measurements of the two polar liquids, water 

and glycerol, and the dispersive liquid, diiodomethane, on the coated substrate sample name 3A-a and 

coated substrate sample name 3B-a. The significance is based on the percentage differences of five 

performed measurements and used to display the experimental errors. Diiodomethane obtained the 

highest significance, followed by glycerol and deionized water. 

 
Table 10. Significance tests of the CA of two polar and one dispersive liquid on the coated substrate 3A-a 

Sample 3A-a Precision original 
state in % 

Precision after 24h 
radiation in % 

Deionized water 87.7 99.9 

Diiodomethane 99.9 99.9 

Glycerol 89.8 53.6 

 
Table 11. Significance tests of the CA of two polar and one dispersive liquid on the coated substrate 3B-a 

Sample 3B-a Precision original 
state in % 

Precision after 24h 
radiation in % 

Deionized water 95.6 52.6 

Diiodomethane 99.9 99.9 

Glycerol 99.9 99.9 

 

 

In table 12 and 13 the experimental significances of the CA measurements of the two polar liquids, water 

and glycerol, and the dispersive liquid, diiodomethane, on the coated substrate sample name 4A-a and 

coated substrate sample name 4B-a. The significance is based on the percentage differences of five 

performed measurements and used to display the experimental errors. Diiodomethane obtained the 

highest significance, followed by glycerol and deionized water. 

 
Table 12. Significance tests of the CA of two polar and one dispersive liquid on the coated substrate 4A-a 

Sample 4A-a Precision original 
state in % 

Precision after 24h 
radiation in % 

Deionized water 99.9 63.7 

Diiodomethane 99.9  99.9  

Glycerol 99.9  72.9 

 
Table 13. Significance tests of the CA of two polar and one dispersive liquid on the coated substrate 4B-a 

Sample 4B-a Precision original 
state in % 

Precision after 
24h radiation in % 

Deionized water 96.4 87.1 

Diiodomethane 99.9 99.9 

Glycerol 99.9 89.6 
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