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Abstract 
Textile UV-radiation sensors has lately been introduced to the field of smart textiles. Inkjet 
printing has been used as means of application due to the effective and resource efficient 
process. UV-LED radiation curing has been used in combination with inkjet printing in favour 
of low energy requirements, solvent free solution and reduced risk of clogging in the print 
heads. The problems arising when exposing photochromic prints to UV-radiations are that 
oxygen inhibition during the curing and photo-oxidation in the print reduces the prints ability 
to develop colour. It is the oxygen in the air in combination with UV-radiation that gives the 
photo-oxidating behavior. The aim of the study is to with the aid of physical protection reduce 
the effect of oxygen inhibition and photo-oxidation in the prints. Three types of physical 
treatments were used, wax coating, protein based impregnation and starch based impregnation. 
Treatments were applied before curing as well as after curing and the colour development after 
activation during 1 min of UV-radiation was measured with a spectrophotometer. Multiple 
activations were also tested to see how the treatments affected the fatigue behaviour of the 
prints over time. The aim was to have as high colour development as possible reflecting reduced 
oxygen inhibition and photo-oxidation. Results showed significantly higher colour 
development for samples treated with wax and whey powder before curing, but reduced colour 
development for amylose impregnation. Over time whey powder before curing showed highest 
colour development due to highest initial colour development. Lowest fatigue was seen for 
washed samples containing the chemical stabiliser HALS, showing an increased colour 
development. In reference to earlier studies the protective properties of wax and whey powder 
is due to their oxygen barrier properties protecting the print. The tested treatments have shown 
that it is possible to reduce the effect of photo-oxidation during curing leading to prints giving 
higher colour development. This gives a great stand point when improving existing and future 
application of photochromic prints on textiles. 
 
Key words: Photochromism, photochromic, textile, inkjet, UV-radiation, curing, physical 
stabilisation, wax, whey powder, amylose, photo-oxidation, oxygen inhibition  



 

Popular abstract  

One way to measure the UV-radiation produced by the sun is to use textile sensors, one of many 
advancements within the field of smart textiles. Photochromic dyes can be applied on textiles 
using inkjet printing and will show increased coloration when it is exposed to sunlight. The 
dyes applied need to be cured and here UV-radiation coming from a LED-lamp can be used. 
The problem with these prints is that they react with the air during UV-radiation exposure and 
loose some of their coloration effect. This can be counteracted using chemical and physical 
stabilisers. Physical coatings using wax and whey powder applied before curing has been tested 
showing improved coloration. Over time prints treated with a chemical stabiliser show lowest 
fatigue behaviour, increasing the coloration over time if samples are washed. These treatments 
show promising results when it comes to protecting the prints and giving better colour 
development and thereby expanding the field of application. 
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1. Introduction 
UV-radiation is a key element to life on earth and is essential for human existence. 
UV-radiation, most often from the sun, not only helps to create life but can also be 
harmful if the exposure is too high. It is the long term exposure to UV-radiation 
caused by sunlight in combination with the individual’s pigment type and genetic 
preconditions that are the main factors responsible for development of skin cancer. 
There are many ways to protects the skin from UV-radiation for example by 
spending less time in the sun, using sunscreen or protecting the body with textiles. 
(Tarbuk, Grancarić et al. 2016) 
 
There are many factors to take into consideration when it comes to exposure to UV-
radiation and it is difficult to estimate the radiation dose without measurement 
equipment. One apparent feature visible to the naked eye is the skin turning red, but 
at this stage it is already too late and the skin can already be damaged. Long term 
exposure can be shown using UV-radiation sensors and can be produced in several 
ways. One quite recent development is to use photochromic materials that reacts 
with the UV-radiation and shows a change in colour. One field in which 
photochromic substances has been used in great extent for decades is the 
ophthalmic industry, producing lenses that change colour depending on the 
exposure of light from the sun. Photochromic dyes and prints have great potential 
when it comes to many different smart textiles and technical applications as well as 
in design features. (Little and Christie 2010, Gulrajani 2013) 
 
The advantage of using textile sensors compared to traditional sensors is the 
possibility to integrate the sensors in the structure of garments. The flexibility of a 
textile sensors permits movement of the textile in which it is incorporated. By using 
resource efficient methods like inkjet printing and UV-LED radiation curing, UV-
sensors can be printed on textiles with low energy and material consumption as well 
as producing low material waste (Magdassi 2009). The field of research when it 
comes to inkjet printing on textiles is quite new and a lot of research has been done 
the last decade. One problem emerging in the usage of photochromic dyes is photo-
oxidation. Photo-oxidation causes reduction in photochromic effect of the dye due 
to chemical reaction with oxygen during exposure to UV-radiation. Overcoming 
this problem would make it possible to produce good quality photochromic textile 
UV-sensors. (Dietz and El’tsov 1990) 
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1.1 Abbreviations 
CIE   Commission internationale de l'eclairage 
CIJ  Continuous inkjet 
DOD  Drop-on-demand 
DPGDA  Dipropylene Glycol Diacrylate 
FTIR  Fourier Transform Infrared Radiation 
HALS   Hindered Amine Light Stabilisers 
IR  Infra red 
LED  Light-emitting diode 
PMMA Poly(methyl methacrylate) 
PS  Polystyrene 
UV  Ultra violet 
WPC  Whey powder concentrate 
WPH  Whey powder hydrolysate 
WPI  Whey powder isolate 
PET  Polyethylene terephthalate 
PLA  Poly lactic acid 
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1.2 Problem description  
Dyeing and printing of textiles have great impact on the environment especially 
when it comes to the amount of water and chemicals used in the process. To produce 
printed fabric using less water and less resources, researchers have been exploring 
the use of digital inkjet printing. This is a water free process that uses low amounts 
of ink and has low waste and energy consumption. Prints produced with digital 
inkjet printing have to be cured and this can be done in several ways. One effective 
technique is to use UV-LED radiation curing which can with great benefit be 
combined with digital inkjet printing..  
 
Photochromic materials can be used as UV-radiation sensors producing colour 
when exposed to UV-radiation. Ink with photochromic compounds can successfully 
be printed on to textiles using digital inkjet printing and can then be cured with UV-
radiation. The problem with photochromic prints is that they suffer from oxygen 
inhibition and photo-oxidation when exposed to UV-radiation which will reduce 
their colour developing effect. The ink is affected negatively first in the curing 
process were oxygen reacts with the photo-initiator in the ink and produced radicals 
reducing the initiation and curing rate. This leads to a lower colour development 
effect of the print. The prints are also affected during activation with UV-radiation 
where photo-oxidation leads to degradation of the print and fatigue products are 
formed. The challenge lies in how to protect the print from oxygen inhibition and 
photo-oxidation in these two stages, producing a print with enhanced colour 
development. Both protection using chemical and physical stabilisation has to be 
evaluated. Their advantages and disadvantages in application and the mechanics of 
their stabilisation needs to be investigated in relation to curing and UV-radiation 
exposure. It is therefore important to study how different treatments applied before 
and after the curing process affect the colour developing properties of the print both 
directly and over time. Reducing the photo-oxidation of the prints would improve 
both the curing and the colour yield produced during activations. The increased 
colour development and stability will give the print a better quality and a longer 
lifespan.  
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1.3 Research questions  
1. How can the durability of the coloration effect of a photochromic ink 

printed on polyester fabric and cured with UV-light be improved using 
coating and impregnation methods compared to a chemical benchmark 
integrated in the ink formulation? 

2. How does coating with wax and impregnation with whey powder before 
or after curing affect: 

a) oxygen inhibition and therewith the development of colouration? 

b) fatigue behaviour of the photochromic prints?  

3. Do prints impregnated with β-lactoglobulin in its pure form show higher 
colouration development than prints treated with whey powder? 

4. How is the colour development affected by a starch based impregnation? 

Hypothesis 
Coloration effect of inkjet printed photochromic dye will be higher if the substrate 
is: 
a) coated with wax before curing compared to after curing 
b) impregnated with whey powder before curing compared to after curing 
 

1.4 Limitations 
• Parameters such as different dye concentrations, UV-LED curing intensity and 

curing time was not tested.  
• Due to the low amounts of amylose and β-lactoglobulin available, colour 

development tests for these compounds were limited to the single activation test.  
 

1.5 Objective  
The aim of this study is to improve the print quality of photochromic dyes on 
textiles by reducing oxygen inhibition and photo-oxidation and thereby improving 
the colour development. Shielding the print from oxygen using physical protection 
while still letting the print be activated by UV-light is the main focus. Inspiration 
for the protective treatments has been found in the food packeting industry looking 
at materials often used to protect fresh food from the environment, in this case wax, 
proteins and starches. The study will evaluate if the barrier properties of these 
materials can be used in a textile context protecting the photochromic prints and 
enhancing their colour development. 
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1.5 Literature review  

1.5.1 Chromism 
Colours visible (or not visible) to the human eye exist due to different chromic 
phenomenas where the cause of colour can be divided into five different groups. 
Colour can be the cause of revisable colour change, absorption and reflection of 
light, emission of light due to absorption of energy, energy transfer due to 
absorption of light, or due to manipulation of light (Bamfield 2001). The term 
chromism can be defined as reversible colour change. Chromism occurs due to 
changes in electron density or changes in the arrangement of the molecular structure 
(Rijavec and Bračko 2007). 
 
For reversible colour change; chromism, the absorption of electromagnetic 
radiation changes depending on for example light, pressure, temperature, or salt 
concentration. The specific chromisms are named after what induces the colour 
change. Photochromism caused by light, thermochromism caused by temperature, 
solvachromism caused by different solvents, and electrochromism caused by 
electrochemical reactions are some examples. The chromism chosen for a specific 
application can be selected depending on the medium wanted for activation of 
colour change. If the chromism should mark changes in temperature the natural 
choice would be a thermochromic material. For changes in light, UV-light 
especially, the use of photochromic compounds has been widely used. (Bamfield 
2001, Bouas-Laurent and Dürr 2001)  

1.5.2 Photochromism 
Photochromism is defined as a reversible transformation of a chemical compound 
between two states responsible for different absorption spectra of electromagnetic 
radiation. The original state referred to as A, and the transformed state referred to 
as B are both excited simultaneously, but the amount of each state will depend on 
the electromagnetic radiation present (Crano and Guglielmetti 1999, Bouas-Laurent 
and Dürr 2001). In most photochromic compounds the B form absorbs longer 
wavelengths, in the visible spectra for the human eye (400-700 nm), while A 
absorbs in the UV-radiation spectra, see figure 1. Transformation of a photochromic 
compound from uncoloured in state A to coloured in state B when exposed to light 
it is called positive photochromism. In opposite when state A is coloured and state 
B is uncoloured the transformation is called negative photochromism or inverse 
photochromism (Pardo, Zayat et al. 2011). It is the absorption of light that triggers 
the colour change from invisible to visible, or from one colour to another. When 
light is absorbed it will rearrange the bondings within the molecule where the new 
structure causes the compound to exhibit colour (or colour change) (Nigel Corns, 
Partington et al. 2009). 
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Figure 1. Absorption spectra of photochromic compound showing different spectra 
for state A and state B. 
 
Photochromic compound do not only experience colour change caused by light, but 
also show different colour development due to theromochromism and 
solvachromism, e.i. they can react both photochromic and thermochromic. Even 
when working with a compound in the purpose of using its photochromic properties 
the effects of thermochromism and solvachromism has to be taken into account 
(Bamfield 2001). Thermochromism is the chromism that will give a reversible 
change in colour depending on temperature and is called an intrinsic thermochromic 
system. There are also indirect systems, these are not thermochromic but can show 
colour changes due to changes in the environment that is caused by temperature 
(Ortica 2012). Photochromic compounds  also experience solvachromism and are 
greatly affected by the medium or material they are integrated in, affecting the 
kinetics of the photochromic reaction. This colour change is due to changes in 
absorption spectra or emission spectra. The nature of the colour change is 
depending on the salvation energies in ground and excited states. (Crano and 
Guglielmetti 1999, Bamfield 2001) 
 
Photochromism type T and type P 
When state A is transformed into state B by irradiation it can transform back to state 
A in two different ways. In the T-type photochromism the compound is reversed 
thermally. Compounds of P-type revert photochemically by irradiation of another 
range of wavelengths than the irradiation that induces the activation. (Bouas-
Laurent and Dürr 2001, Nigel Corns, Partington et al. 2009) 
 
In the uncoloured state the photochromic compound showing photochromism type 
T has a ring formed structure. When the compound is transformed ring-opening 
occurs giving a new structure that exhibit colour. The structure of compounds that 
show photochromism type P have a ring-opened structure in its uncoloured form. 
In the coloured form this structure is closed and the compound undergoes a 
cyclisation. (Gulrajani 2013) 
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1.5.3 Photochromic dyes 
There are both organic and inorganic compounds that show photochromic effect. 
The inorganic substances are often metals and minerals not suited for dyeing of 
textiles. There are several groups of organic photochromic compounds the most 
important being spiropyrans, spirooxazines, naphthopyrans, fulgides, fulgimides 
and diarylethylenes. (Rijavec and Bračko 2007) 
 
The first group of organic photochromic compounds that was investigated and 
therefore the most studied is the spiropyran group. Spiropyrans show however some 
limitation in colour spectra and has a tendency to be sensitive to fatigue and has 
therefore nowadays often been substituted for other photochromic compounds. 
Spirooxazines have also been investigated for a long time due to their photochromic 
effect, but especially because the resistance to fatigue is much better than for 
spiropyrans. It is the fatigue resistance, or resistance to light-induced degradation 
that has made the compounds commonly used in eyewear. Another group that has 
been used more frequently lately is the naphthopyran group, similar to 
spirooxazines also show better resistance to fatigue than spiropyrans. The broad 
spectra of colours that naphthopyrans exhibit has also been a great factor in the 
increased interest in these compounds. Fulgides are mainly reversed to their original 
state by photochemical reaction and are therefore used when this property is 
desired. Increasing the thermal stability of this group has been of great interest to 
be able to use fulgides in for example security printing. (Crano and Guglielmetti 
1999) 

1.5.4 Photochromic Naphthopyrans 
Naphtopyrans are some of the most used photochromic compounds. The advantage 
of Naphthopyrans, also called chormenes, compared to the commonly used 
spirooxazines is the reduced sensitivity towards temperature changes (Nigel Corns, 
Partington et al. 2009). Like most of the photochromic compounds, naphthopyrans 
have a ring structure in its uncoloured state A. It is the C-O bond in the pyran ring 
that is broken when the dye is exposed to UV-radiation, which gives the dye its 
open form B exhibiting colour, see figure 2 (Bamfield 2001). 
 

 
Figure 2. Naphthopyran structure in colourless form A and coloured form B. 
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Naphthopyrans can be produced in many different colours such as yellow, orange, 
red, violet and blue making them desirable for many different applications. This 
photochromic group has been especially interesting for the ophthalmic industry 
since it can produce compounds with desired colours such as brown and grey used 
in glasses. (Gulrajani 2013) 

1.5.5 Colour measurement 
Colour can be said to have three basic components, the source of light, the nature 
of the object exposed to the light, and the observer. Brightness can be referred to as 
how bright or dim a colour is perceived. The hue refers to what colour the material 
has in comparison to the standard yellow, red, green and blue or mixtures of these. 
The chroma describe how colourful a material is or if it is perceived as whitened, it 
measures the saturation. (Hunt and Pointer 2011) 
 
All colour observations made by the human eye are subjective, since the colour 
perception is individual. The hue superimportance is an effect caused by the fact 
that the human perception of hue difference is more sensitive than of chroma 
differences. The crispening effect is also connected to the chroma of a colour 
sample. If the surroundings have chroma far away from that of the sample the 
chroma difference will have to be larger for humans to be able to detect it. Therefore 
colour measurement equipment, such as a spectrophotometers are necessary. 
(Kuehni 2005) 
 
To determine colour differences between different colours the CIE system is used. 
The difference between two colour samples are expressed as ΔE. To properly 
express ΔE there also has to be a description of how the colour measurement is 
obtained and calculated. It can be useful to calculate both the overall colour 
difference as well as the difference between coordinates in one plane. CIELAB is 
used to describe and standardise colours. (Berger-Schunn 1994) 
 
For textiles the CMC(2:1) formula for colour difference is the most used method 
and is implemented as an ISO standard by the International Standard Organisation. 
The reason for using CMC(2:1) instead of CIELAB is that it for textiles shows a 
higher accuracy when measuring average colour difference of colour samples. One 
of the benefits of CMC(2:1) is that this method include effects such as hue 
superimportance and crispening. (Kuehni 2005) 
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1.5.6 Inkjet printing 
Digital inkjet printing is a printing technique in which droplets are deposited in drop 
form on the substrate, see figure 3. This technique has many advantages over other 
colouring techniques such as dyeing. It has a low manufacturing cost, low waste, 
amount of ink needed for print is small, it is digitally connected and can produce 
products just-in-time. Inkjet can be used to print on everything from paper, plastics, 
metals and textiles. One advantage when it comes to printing on textiles is the 
possibility to print on blend materials without using different dyes. Since the 
pigment is cured with its binder it is not necessary to bind the actual pigment to the 
textile, just that there is adhesion between the binder and the substrate.  (Magdassi 
2009, King 2013) 
 

 
Figure 3. Inkjet printing of droplet on substrate.  
 
One of the big advantages related with this technique is the non-contact mode of 
the printing equipment, see figure 3. There are two types of inkjet printers divided 
upon their method of depositing ink drops on the substrate. The first type is called 
continuous inkjet (CIJ) where the ink is ejected in a continuous stream of droplets. 
Drops are charged through exposure to an electric field and the selection of which 
droplets that will be printed is then done through a deflection field. Droplets not 
printed will be collected and can then be reused. The second type is drop-on-
demand (DOD) where drops are ejected from the printer only when they are wanted 
for the print. The droplets are formed by a pressure pulse ejecting the drop from the 
nozzle. This can be done with several different types of printheads, thermal, 
piezoelectric and electrostatic. Thermal inkjet uses heat to create a bubble that 
creates pressure pushing a droplet out from the nozzle. Piezoelectric inkjet uses a 
piezoelectric material that will change shape if an electrical field is applied and then 
create the needed pressure to eject a droplet. Electrostatic inkjet uses conductive 
ink and the droplets are ejected by the influence of an electrostatic field. (Magdassi 
2009, Cie 2015) 
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The method of how printing of the substrate is done can also differ between 
different inkjet printers using single pass or multi pass techniques. The multi pass 
technique is when the print heads move back and forth over the substrate adding 
more and more ink. The print quality produced can be high but the speed is 
generally low. If the single pass method is used the printing can be achieved in one 
passing of the print heads increasing the printing speed. (Magdassi 2009) 
 
When using the method of inkjet printing there are a few properties of the ink that 
has to be managed to be able to use it in the print heads. The viscosity is an 
important parameter since low viscosity is needed in the printing process. Very low 
viscosity inks are hard to cure and substances added to improve the curing increases 
the viscosity. For good quality inks you need to find balance between low viscosity 
and good cure rate. Another parameter to consider is the particle size in the ink 
solution. In general the particle size has to be smaller than 1 µm. If the particle size 
is larger there is a risk of particle build up and blocking of the nozzles in the printer. 
Surface tension of the ink also has a big influence when printing with inkjet. If the 
surface tension becomes too high it can hinder the droplets from ejecting from the 
nozzles. On the other hand if the surface tension is too low there will be unwanted 
dripping from the nozzles. (Hancock and Lin 2004)  

1.5.7 UV-radiation curing 
UV-radiation curing is light induced polymerisation, a method where the polymer 
is cross-linked as a result of exposure to UV-radiation, see figure 4. The polymer 
formulation usually consists of an oligomer, a monomer and a photo initiator. The 
choice of photo-initiator affects the nature of curing and the curing rate. The 
oligomer and monomer will affect the physical and chemical properties of the 
polymer and the degree of polymerisation. (Magdassi 2009) 
 

 
Figure 4. Cross-linking of oligomers and monomers during UV-radiation curing. 
 
There are two types of UV-radiation curing of polymers depending on their 
polymerisation through photo-initiation, free radical polymerisation of 
multifunctional acrylates and cationic polymerisation of multifunctional oxides and 
vinyl ethers. The most used polymers belong to the acrylate group. The UV-
radiation cured materials are often applied in the form of coatings, varnishes, inks 
or adhesives on a substrate. (Decker 2001, Bahria and Erbil 2016) 
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Free radical polymerisation occurs in three stages: 
• Initiation 
The initiation (1) occurs in two steps, first a dissociation of 
the initiator forming two radicals, followed by association 
(2) of a monomer to one of the radicals . 

 
 

 
• Propagation 

In the propagation step (3) an additional monomer is 
attached to the monomer in the initiation.  

 
• Termination 

The last step that stops the polymerisation is the 
termination and can occur in three ways through 
combination, disproportionation or chain transfer. 

(Fried 2003) 
 
Curing can be performed using UV-LED radiation using less energy than halogen 
lamps. The advantages of UV-radiation curing coatings and prints is that it can be 
used on many different types of materials from metals to plastics, textile and paper. 
There is no need for a solvent, energy consumption is low, the curing is fast and the 
curing can be performed in room temperature (Decker 2001, Bahria and Erbil 
2016). Ink made for UV-curing is produced to remain in a stable liquid form until 
the ink is exposed to UV-radiation of a certain wavelength and intensity. This 
makes it possible to combine UV-radiation curing with inkjet printing without risk 
of ink clogging the print heads in the inkjet. (Magdassi 2009) 

1.5.8 Fatigue 
Fatigue is a photochromic compounds’s loss of photochromic effect due to long 
term exposure to UV-radiation, see figure 5. It can also be referred to as photo-
oxidation or photo-degradation, an irreversible chemical transformation where an 
undesired bi-product is formed (Crano and Guglielmetti 1999). When the fatigue 
product is produced it cannot go back to its original form, making the colour 
development and reversible reaction transformations impossible (Pardo, Zayat et 
al. 2012). 
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Figure 5. Fatigue caused by photo-oxidation of a photochromic compound.  
 
Organic molecules, suitable for textile applications, are more sensitive to fatigue 
than inorganic molecules. The open structure has most frequently been linked as 
responsible for fatigue in photochromic compounds, but it has been shown that the 
closed structure also suffer from fatigue. (Van Gemert 2002) 
 
Water, oxygen and free radical exposure has been shown to increase the 
sensitiveness of photochromic dyes leading to fatigue. To prevent fatigue three 
main types of chemical additives have been used, hindered amine light stabilisers 
(HALS), UV absorbers and antioxidants. These chemical compounds either absorb 
the UV-radiation or react with free radicals to reduce fatigue. (Crano and 
Guglielmetti 1999, Van Gemert 2002) 

1.5.9 Oxygen inhibition 
Oxygen inhibition is a form of photo-oxidation where oxygen reacts with the 
polymer coating or film when exposed to UV-radiation. Oxygen reacts with the 
photo-initiator deactivating it. There is also an reaction with the radicals formed by 
the photo-initiator, leading to reduced initiation (Bolon and Webb 1978). Oxygen 
can also react with the polymeric radicals preventing the polymerisation from 
happening. This leads to a less polymerised coating or film. When curing with UV-
radiation oxygen inhibition can cause slower reaction rates due to deactivation of 
the photo-initiator and lead to a lower cure rate (Bentivoglio Ruiz, Machado et al. 
2004). 
 
Acrylates with low viscosity as well as thin films show greater sensitivity to oxygen 
inhibition than higher viscosity solutions and thicker films. Atmospheric oxygen 
diffuses in a higher extent into a thinner coating and absorption of UV-radiation 
will be higher at the surface of the coating rather than at the interface between 
coating and substrate and can be demonstrated by the Beer-Lambert law 
(Bentivoglio Ruiz, Machado et al. 2004). Studer, Decker et al. (2003) has shown 
that by using an oxygen free environment you can reduce oxygen inhibition during 
the UV-radiation curing processes. It has been shown that using nitrogen gas instead 
of oxygen as surrounding environment during UV-curing increases the reaction 
rates and decreases the initiation time. Carbon dioxide has also been shown to work 
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just as well as nitrogen gas, reducing oxygen inhibition in acrylate coatings Other 
methods used to reduce oxygen inhibition are chemical modifications of the 
polymer formulation and adding compounds like amines. Other ways of blocking 
diffusion of oxygen has also been done using wax layers or by curing the polymer 
under water (Bentivoglio Ruiz, Machado et al. 2004). 

1.5.10 Chemical stabilisation: hindered amine light 
stabilisers 
Using hindered amine light stabilisers, HALS, is one way of chemically stabilising 
polymers. There are two other frequently used compounds for stabilisation, UV-
absorbers and antioxidants. The problem with for example UV absorbers is that 
when they are used together with photochromic dyes, they as the name suggest 
absorb UV-radiation, hindering the colouration of the photochromic dye. HALS on 
the other hand work as scavengers reacting with free radicals leading to an increased 
photo stability. They are also regenerated which will give a lasting stabilising effect. 
(Little and Christie 2011) 
 
HALS reduces the amount of free radicals conquering with the photoinitiator in the 
curing phase, but its effect is beneficial when protecting the material from 
weathering at later stages. The reduced degree of curing caused by HALS and UV-
absorbers can be counteracted by increasing amount  and intensity of UV-radiation 
used. (Bentivoglio Ruiz, Machado et al. 2004) 

1.5.11 Physical stabilisation 
Three main group, proteins, polysaccharides and lipids, have been studied recently 
in relation to food packaging due to their environmental benefits when it comes to 
biodegradability. Their non-toxicity as well as benefits from a sustainability point 
of view are great drivers since they are often waste-products of low value (Azevedo, 
Borges et al. 2017). The interest in waxes, proteins and starch in the form of eatable 
films or as antioxidants has grown bigger in the food industry the last ten years. 
Many applications and different modifications have been explored. The main focus 
being managing the oxygen and water barrier properties and film strength, as well 
as examining the antioxidative behaviour. (Hong and Krochta 2006, Cinelli, 
Schmid et al. 2014, Galus and Kadzińska 2016, Weizman, Dotan et al. 2017) 
 
Wax  
Acrylic coatings show oxygen inhibition during polymerisation as well as 
evaporation of volatile monomers. Bolon and Webb (1978) desciribe how wax has 
been used to reduce the evaporation of monomers, but has also been shown to 
reduce the oxygen inhibition. Their research showed that using a wax barrier is just 
as effective against oxygen inhibition as using an inert atmosphere such as nitrogen 
gas. It is also shown that combining an inert atmosphere and a wax barrier will not 
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give a better effect than using them separately. If wax is used as an oxygen barrier 
it is important to make sure that the temperature during curing will not melt the 
wax. The wax will then lose its oxygen inhibiting properties and will fail to give 
protection.  
 
Many different natural waxes has been used as films or coatings for packaging due 
to their non-toxicity and possibility to be used as eatable films . They are most often 
used as coatings since forming separate films are hard. When testing oxygen 
permeation of different waxes like beeswax, candelilla wax, and carnauba wax all 
waxes showed good oxygen barrier properties. Candelilla and carnauba waxes have 
quite dark colour compared to beeswax and are brittle in room temperature. 
(Donhowe and Fennema 1993) 
 
Protein  
One of the most used protein sources in eatable films is whey, in the form of whey 
powder isolates (WPI) or whey powder concentrates (WPC) (Weizman, Dotan et 
al. 2017). Whey can be collected as a liquid waste product in cheese production or 
be extracted from milk. Whey contains three main chemical groups, proteins, 
lactose, and minerals. Proteins found in whey have globular structures and contain 
mostly β-lactoglobulin, α-lactalbumin, bovine serum albumin, and immunoglobulin 
(Malucelli, Bosco et al. 2014). After extraction the whey liquid can be dried and 
made into whey powder. This powder has a relatively low protein content and 
therefore different filtration methods like ultra-filtration have been developed to 
increase the protein percentage in the powder, with possibilities to achieve a protein 
content higher than 90 % for WPI. A third type of whey protein is whey protein 
hydrolysate (WPH). For WPH the globular structures of the proteins are linearised 
using heat treatment. (Malucelli, Bosco et al. 2014, Guo and Wang 2016) 
 
Whey protein has great film forming properties and has therefore been used as 
eatable films. Plasticisers are often added to the WPI films to improve the 
mechanical properties and reduce brittleness. The films have in several studies 
shown low relative humidity as well as good barrier properties against gases like 
oxygen and carbon dioxide. The barrier against water vapour has been shown to be 
quite poor and can therefore be a problem when used as packaging material for 
food, see figure 6.  (Malucelli, Bosco et al. 2014, Ryan and Walsh 2016, Weizman, 
Dotan et al. 2017).  

 
Figure 6. Water vapour permeation through WPI film. 
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Han and Krochta (2007) state that whey protein films have good barrier properties 
due to their low oxygen permeation through the film. This low permeability is due 
to low oxygen solubility in the WPI films. WPI films show great barrier properties 
even when antioxidants such as for example Ascorbyl palmitate are added changing 
the viscosity and transparency of the WPI films. Antioxidants also change the 
oxygen solubility in the film and in some cases increase the oxygen solubility 
leading to a film with lower oxygen barrier properties. Hydrophobic antioxidant on 
the other hand can improve the barrier properties and reduced the oxygen solubility, 
improving the barrier properties. 
 
To be able to avoid synthetic antioxidants as food preservatives naturally occurring 
antioxidants like proteins have been investigated. Peña-Ramos and Xiong (2003) 
has used both whey protein and soy protein successfully as antioxidants to inhibit 
lipid oxidation in pre-cooked meat products during storage. Both proteins show 
inhibitory properties but soy protein has shown to be more effective. Dalsgaard, 
Sørensen et al. (2011) used whey protein as an antioxidant to reduce lipid oxidation 
in low-fat cheese. Although the WPI reduced the accumulation of lipid and protein 
products it could be concluded that the WPI did not work as a radical scavenger in 
the cheese. The reduced lipid and protein degradation products where explained by 
an unknown mechanism of retardation. Ascorbic acid has been used as a component 
in WPI film to work as an oxygen scavenger in a study by Janjarasskul, Min et al. 
(2013). The effect of the ascorbic acid was higher if the water activity e.g. free, 
unbound water was increased. When the anti-oxidative property of protein films 
with added antioxidants in the form of essential oils was evaluated by Atarés, 
Bonilla et al. (2010) and Bonilla, Atarés et al. (2012). The anti-oxidative ability of 
the essential oils gave a low effect on the oxygen protective properties of the films. 
The study showed that the chemical activity of anti-oxidation due to the oils was 
not possible in dry films. The study suggests that antioxidant might have a more 
important role when films are kept in wet conditions, due to the fact that the oxygen 
permeability is increased in wet systems.  
 
The oxygen permeation of eatable films derived from polysaccharides or proteins 
are highly dependent on contact with water and the relative humidity. In dry form 
the films show very good oxygen barrier properties, while in contact with water the 
oxygen permeability through the films increase (Bonilla, Atarés et al. 2012). But it 
has also been shown that oxygen permeability of ethylene film can been reduced 
by coating of whey proteins showing a decreased permeability up until 80 % of 
relative humidity in the air (Dangaran and Krochta 2009). 
 
Whey protein based coatings to protect plastic packaging materials from oxygen 
has been investigated by Cinelli, Schmid et al. (2014) for both PET and PLA/Co-
polyester films with good results. The coating of whey protein did not affect the 
desired compostability of the material in the study on PLA/co-polyester but worked 
as an effective way to improve the oxygen barrier of the material. Whey protein has 
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also been used as a more environmentally friendly flame retardant on textile 
materials to avoid toxic formaldehyde formulations. It has been used for its great 
oxygen barrier properties as well as for its ability to absorb water. It hinders the 
oxygen diffusion into the fibres and absorbs the heat when the textile is exposed to 
fire. WPI has been applied successfully to textiles through impregnation and layer-
by-layer deposition. The whey protein emulsion forms a continuous film covering 
the fibres of the textile. This can be seen for both WPI as well as for WPH. (Bosco, 
Carletto et al. 2013, Malucelli, Bosco et al. 2014) 
 
Several studies have used a concentration of 10 wt% whey powder solved in 
distilled water either as impregnation or in emulsions to form films. The emulsions 
has aslo in some cases been heated to denaturate the proteins (Bosco, Carletto et al. 
2013, Han and Krochta 2007, Weizman, Dotan et al. 2017, Han and Krochta 2007). 
 
Protein oxidation can lead to several different types of changes in structure of the 
proteins. The proteins can start to cross-link, covalent bonds can break and the 
building blocks of proteins, amino acids, can start to change. UV-light is generally 
responsible for cross-linkage of proteins (Dalsgaard, Otzen et al. 2007, Dyer, 
Clerens et al. 2017). Schmid, Held et al. (2015) showed that UV-radiation has been 
found to increase the tensile strength of whey protein based films. This is 
considered to be due to cross-linking in the films. UV-radiation also show a 
yellowing effect on the protein film but doesn’t affect the oxygen barrier or water 
vapour properties. The cross-linking and yellowing are dependent on the time that 
the film is radiated  
 
Derivates produced from amino acids during oxidations are for example tryptophan 
and methionine can be detected to measure the extent of oxidation in the proteins. 
Observing tryptophan in samples irradiated with fluorescent light has been used to 
show how the globular whey proteins a-lactalbumin and β-lactoglobulin change 
their tertiary structure to a more unfolded structure during photo-oxidation. Protein 
oxidation was also detected when β-lactoglobulin was irradiated with UVB. But 
little tendency for cross-linking was shown after photo-oxidation. (Dalsgaard, 
Otzen et al. 2007, Dyer, Clerens et al. 2017). 
 
Starch 
Starch is composed of two parts, amylose and amylopectin. The amount of these 
parts depend on the plant-source of the starch. Starch has been used as an alternative 
to synthetic polymers due to the low cost, biodegradability and non-toxic properties. 
Corn has been the main source of the starch, but for example rice, wheat, and potato 
has also been used. The mechanical properties has often been unsatisfactory due to 
brittleness and hydrophilicity. This has been solved through mixtures with synthetic 
and natural polymers. (Mendes, Paschoalin et al. 2016, Azevedo, Borges et al. 
2017) 
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Amylopectin and the polysaccharide amylose has been used to produce starch films 
separately. Both films showed good oxygen barrier properties and lower oxygen 
permeability than reference material films made from ethylene vinyl alcohol. 
Research show that increasing the amount of amylose in starch based films improve 
mechanical and film-forming properties as well as oxygen barrier properties of the 
starch film. (Forssell, Lahtinen et al. 2002, Mendes, Paschoalin et al. 2016) 
 
Moreno, Atarés et al. (2015) reduced oxygen and water permeability in glycerol 
plasticised potato starch films by adding the protein lactoferrin, but it also affected 
the brittleness of the film negatively. Both films with protein and without showed 
good oxygen barrier properties during longterm storage of meat products. Azevedo, 
Borges et al. (2017) showed that the poor water vapour permeability of corn starch 
films with a 70 % amylose content can bee improved by adding WPI with 90 % 
content of protein. The barrier properties were improved up to exchanging 20 % of 
the corn starch with WPI. 

1.5.12 Environmental aspect 
From an environmental point of view there are advantages in using whey proteins, 
starch and waxes compared to syntehical polymers. Whey protein is considered a 
waste product achieved during for example cheese production. Using the whey as 
a product will reduce the cost for waste handling for producers and prevent whey 
from ending up at landfills(Malucelli, Bosco et al. 2014). Other advantages 
compared to many synthetic materials are the non-toxicity and biodegradability of 
these compounds. Both starch and natural waxes occur naturally in nature and can 
be collected from plants or anilmals. Since they are found in nature biodegradability 
if discarded is no problem and no harmful substances are formed (Azevedo, Borges 
et al. 2017). Some natural polymers can become non-biodegradable if they are for 
example cross-linked. But Cinelli, Schmid et al. (2014) showed that denaturated 
whey proteins in combination with plasticisers show good biodegradable 
properties, cross-linking not affecting the biodegradation.  
 
All production of textile fibres and their processing in the form of dyes, coatings 
and treatments have an impact on the environment. It is not enough to look at 
one separate process, but rather the hole life cycle of a product from cultivation, 
productiona and distribution to usage phase and end-of-life. This involves both 
environmental and social aspects as well as economic. One way of reducing the 
impact is to make textile products last longer. This can be achieved by 
increasing the physical durability and emotional attachment to the product. 
(Fletcher 2012)   
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2. Materials and methods 
Printing of photochromic ink was done through inkjet printing on a woven polyester 
fabric. After printing the print was cured using UV-LED radiation curing. The 
samples were treated with wax coating, whey powder solution, β-lactoglobulin or 
amylose. Colour development was measured using a spectrophotometer, measuring 
the colour difference in unactivated state with activated state. The colour diffrence 
was evaluated for samples exopsed to single activation and multiple activations. 

2.1 Materials  
Fabric 
A pre-washed white plain weave polyester fabric was used as printing substrate for 
the photochromic ink. The fabric has 20 warp threads/cm 24 weft threads/cm. 
Sample size 15x30 cm was used to fit the inkjet printer belt. 
 
Dye 
A naphthopyran dye Reversacol ruby red from Vivimed Labs Ltd compatible with 
a solvent suitable for inkjet printing was used. The dye was dissolved in 
CHROMASOLV® Plus, ethyl acetate, concentration 99,9  %, from Sigma-Aldrich.  
 
Varnish 
The varnish contains three substances, see table 1. The monomer Dipropylene 
Glycol Diacrylate (DPGDA) from Allnex, the oligomer Ebecryl® 81 from Allnex, 
and the photoinitiator Genocure TPO-L from Rahn. 
 
Table 1. Overview of varnish compounds. 
Compound Density (g/cm3) CAS-number 
DPGDA 1,06 57472-68-1 
Ebecryl® 81 1,06 52408-84-1  

42978-66-5 
TPO-L 1,13 84434-11-7 

 
HALS 
For chemical stabilisation Hindered Amine Light Stabiliser, HALS Tinuvin® 292 
from BAFS, was used. 
 
Wax 
A 100 g block of Greenland wax from Fjällräven composed of 65 % paraffin wax 
and 35 % beeswax was used as wax coating, see figure 7. 
 
Whey powder 
Whey powder Whey-100 unflavoured, WPI, from Star Nutrition was used. 100 g 
of whey powder consists of 1 g fat (of which 1g saturates), 1 g carbohydrates (of 
which 1 g sugars), 87 g protein and 0,3 g salt. 
 
β-lactoglobulin 
β-lactoglobulin from bovine milk from Sigma-Aldrich 
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Amylose 
Amylose from potato from Sigma-Aldrich 
 
UV-radiation protective film 
Protective film from ASMETEC GmbH 
 

2.2 Methods  
The main method used to evaluate the prints and the effect of coating and 
impregnations was colour measurements using a spectrophotometer. The samples 
tested can be seen in table 2. There on the different methods of ink formulation, 
sample preparation, colour measurement, surface characterisation and statistical 
analysis are described. 
  
Table 2. Overview of samples used for in colour measurements. 
Sample 
treatment 

Single 
activation 

Single 
activation 
washed 

Multiple 
activations 

Multiple 
activations 
washed 

Total 
amount 
of 
samples 

Wax after 
curing 

5 5 5 5 25 

Wax before 
curing 

5 5 5 5 25 

Whey 
powder after 
curing 

5 5 5 5 25 

Whey 
powder 
before curing 

5 5 5 5 25 

β-
lactoglobulin 
after curing 

3 3 - - 6 

β-
lactoglobulin 
before curing 

3 3 - - 6 

Amylose 
after curing 

3 3 - - 6 

Amylose 
before curing 

3 3 - - 6 

Reference 5 5 5 5 25 
HALS 5 5 5 5 25 

 
 
Single activation 
Colour was measured before the UV-LED lamp was turned on. The sample was 
then activated by the lamp for 1 min and the colour was measured again directly 
after the minute has past. 
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Multiple activations 
Colour was measured before the UV-LED lamp was turned on. The sample was 
then activated by the lamp for 1 min and the colour was measured again directly 
after the minute has past. The activation was repeated 10 times and the colour was 
measured each time compared to the initial unactivated state. The samples were let 
to rest for 24 h between each activation. 

2.2.1 Washing 
Almost all textile applications are washed and it is therefore necessary to see how 
the prints and treatments are affected by washing. To see how the colour 
development of the samples where affected by washing samples where subjected to 
one wash cycle. Samples were washed in 40°C according to ISO-standard; ISO 
105-C06:2010. They were then flat dried in room temperature (20°C) inside a UV-
radiation protected box for 12 h. Washed samples were produced for all sample 
treatments respectively. 

2.2.2 Ruby red photochromic ink formulation 
First the ink was formulated producing one standard ink and one ink containing a 
chemical stabiliser, HALS. After formulation, the inks were characterised 
separately to make sure that their properties were fulfilling the requirements for 
printing in an digital inkjet printer. The ruby red dye was solved in ethyl acetate and 
mixed with the varnish to form the photochromic ink. The ink was then placed in 
UV-radiation protected bottles to make handling and connection to the inkjet printer 
easier without risking exposure to UV-radiation. The method includes formulation 
of two inks, one without chemical stabilisation and one containing HALS. The 
formulation mixing was executed inside a fume cupboard protected from UV-
radiation by use of a UV-radiation protective film to reduce the risk of photo-
degradation. 
 
4 mg ruby red dye was solved in 100 ml Ethyl acetate, see table 3, and was kept in 
a closed container under stirring until the it was completely solved and was removed 
after 12 h. 
 
Table 3. Concentration of ruby red dye in solution 
Chemical Amount 
Ethyl acetate 100 ml 
Ruby red 4 mg 
 Concentration: 4 g/l 
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100 ml varnish, see table 4, was prepared and stirred in a closed container for 2 h. 
The varnish and the solved dye was mixed together in an open container. The 200 
ml solvent was then evaporated under vacuum and a 100 ml varnish with ruby red 
dye was formed, see figure 7. 
 
Table 4. Formulation of Uv-radiation curable varnish 

Chemical  Part(s) Density (g/cm3) Amount (ml) 
DPGDA 21 1,06 91,3 
Ebecryl® 81 1 1,06 4,35 
TPO-L 1 1,13 4,35 
 Total: 23  Total:100 

 

 
Figure 7. Schematic view of ink formulation. 
 
The formulation procedure was the same for ruby red ink with HALS, but before 
evaporation 2 wt% of HALS was added to the formulation. 

2.2.3 Ink characterisation 
Ink characterisation was performed to make sure that the ink was suitable for 
printing, not causing problem in the printheads. This will ensure repeatable good 
quality prints. For suitable values required for inkjet printing see table 5. 
 
Table 5. Values required to be able to use ink in inkjet printer 
Parameter Value appropriate for inkjet printing 
Viscosity 8-20 mPa·s 
Surface tension 28-35 mN/m 

 
Viscosity 
A rheometer Physica MCR 500 from Anton Paar was used for measurement of 
viscosity. The 7 ml of ink was placed in the test cylinder and was protected by UV 
protective film until it was placed in the rheometer. Two different program settings 
was used first testing the viscosity in relation to shear rate and in the second test 
viscosity depending on temperature.  
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Surface tension 
Attension Theta Tensiometer from Biolin Scientific was used to measure the 
surface tension of the ink. A drop was formed by pushing the ink out of a syringe 
and was recorded by the camera in the tensiometer. For a usable ink the surface 
tension, γ,  should be within the range of 28-35 mN/m but preferably close to 30 
mN/m.  

2.2.4 Sample preparation 
The polyester weave substrate was rinsed with distilled water and ironed to make it 
suitable for inkjet printing and colour measurements. Samples of 15x30 cm where 
cut out for printing. For tests where printing was not necessary samples of 10x10 
cm where prepared with the same procedure. 
 
A customised digital inkjet printer from VdW-Consulting model URIDIUM B200 
was used, see figure 8. The inkjet prints with a resolution of 300 dpi (drops per 
inch) and applies drops of 10 pL. Settings of the printer were modified to produce 
a printing speed of 50 mm/s and UV-radiation of 25 % of the maximum of 6 watt.  
 

 
Figure 8. To the left inkjet printer with included UV-LED radiation lamp, to the 
right print pattern for samples 
 
For printing an image of 4 colour filled squares of 5x5 cm in a row was used, see 
figure 8. The inkjet prints with the single pass method and produces the print in one 
passing. The print is directly cured under UV-radiation if the process is not paused. 
 
All samples where first protected with a UV-radiation protective film after printing 
and coating. Samples were then directly placed in a UV-radiation protected box and 
were kept there until testing was performed. This procedure was executed for all 
samples to reduce the risk of exposure to external UV-radiation, which could affect 
the results. All handling of samples out in the open was kept to a minimum. 
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Printing samples 
 
1. Reference 
A fabric sample was placed on the conveyor belt just infront of the laser sensor, see 
figure 9. The printing was started and the sample was monitored so that the process 
followed smoothly. First the laser sensor sense the fabric was activating the printing 
with the 4-squares image. The print is then directly radiated by the UV-LED lamp.  

 
Figure 9. Digital inkjet printer, (1.) Sample placement, (2.) Laser sensor, (3.) Inkjet 
ejection, (4.) Curing  
 
2. Wax coating 
All samples where first printed in the inkjet printer with the same settings as for all 
samples. Half of the samples where taken out of the printer before UV-radiation 
curing and attached by the ends to a flat surface. The wax block was draged across 
the print manually forming a wax layer. This was repeated 10 times giving an un-
melted wax cover. The samples where placed in a heat transfer press from S.E.F.A® 
in between greaseproof papers at a temperature of 100°C for 20 s. The samples 
where let to cool under UV-radiation protective film and where then placed in the 
printer only using UV-radiation curing process.  
 
The other half of the samples where printed and cured by UV-radiation. After curing 
the samples where treated with wax as explained above. All samples where then 
placed in a UV-radiation protected box until testing was performed. 
 
3. Whey powder β-lactoglobulin and amylose impregnation 
All samples where first printed in the inkjet printer with the same settings as for all 
samples. Half of the samples where taken out of the printer before UV-radiation 
curing and impregnated with whey powder, β-lactoglobulin or amylose and then 
cured. The other half where cured and then treated with the different impregnations. 
 
Concentrations of whey powder produced consisted of 1,3,5,10,15, and 20 wt% of 
whey powder. An emulsion of whey powder was prepared by adding whey powder 
to distilled water and dissolving by stirring for 10 min. Excess foam was removed. 
The samples where soaked in the solution for 2 min. The excess solution was let to 
drip off for 15 seconds. A Memmert modell 500 oven was used to dry the samples. 
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It was set at 70 °C and airflow nr 3 for 20 min. Samples were placed on greaseproof 
paper to prevent the samples from sticking to the plates in the oven. The un-cured 
samples where after drying placed in the inkjet printer again using only the function 
of UV-radiation curing. Samples where stored in a UV-radiation protected box until 
testing.  
 
β -lactoglobulin and amylose was prepared separately with 10 wt% concentrations 
in distilled water. For amylose the water was heated to 50 °C. The same process as 
for whey powder was applied and samples cured after impregnation as well as 
before was produced. When all samples where cured and dried they where placed 
in a UV-radiation protected box until testing.  
 
Film making 
To see the film forming ability of the used whey powder emulsions, films were 
produced. A concentration of 10 wt% whey powder in distilled water was prepared. 
10 ml was placed on a petri dish of 9 cm diameter,  and was placed in an oven for 
2,5 h at 70 °C. To make a film from denatured whey powder proteins the solution 
was heated to 90°C and kept there for 2 min under stirring. 10 ml solution was 
placed on a petri dish and let to dry in room temperature inside a fume cupord. 
Films were also produced for β-lactoglobulin and amylose, but on a smaller scale. 
Samples of 1 cm2 were produced on glass to be used for FTIR measurements and 
to see that film forming was possible. 

2.2.5 Colour measurement 
To see how the printed photochromic dye is affected by different treatments and 
exposure to UV-radiation the method of colour measurement was used to asses the 
quality and durability of the prints. Since the colour development of the 
photochromic dye on textile is of interest, CMC(2:1) has been used. The goal is to 
see how the colour development is affected by different treatments. The overall 
colour difference could be used since the only dye used was the ruby red. The colour 
difference is expressed in ΔE. The colour difference should be as high as possible 
for prints tested in this study. The higher the colour difference, the stronger colour 
development e.i. better print. 
 
A spectrophotometer Datacolor CHECKPRO™ was used and connected to a 
computer using the program Datacolor TOOLS Plus. The average error of the 
spectrophotometer was 0,15 for CIELAB DE, overall colour difference. Before 
measurements the spectrophotometer was calibrated, this was repeated at the start 
of every measurement day. 
 
An LED UV-radiation lamp, 365 nm (UVA), from Novakemi AB was used for UV-
radiation of the samples. It was placed inside a box covered with UV- radiation 
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protective film. All measurements where done inside the box to reduce the risk of 
external light from lamps and sunlight to affect the measurement, see figure 10. 

 
Figure 10. UV-LED radiation of samples inside a box with the opening protected 
by UV-radiation protective film. Box (1.), UV-LED lamp (2.), UV-radiation 
protective film (3.), sample (4.), sample plate (5.). 
 
For each sample an unactivated standard colour was measure by the 
spectrophotometer to be able to measure the colour difference ΔE between the 
unactivated sample and the activated. The samples were activated under a UV-LED 
radiation lamp for 1 min. Measurements were executed directly without moving the 
sample to reduce the effect of temperature and removal of the UV-source reversing 
the colour back to state A. 
 
Single activation 
The one activation test was used to see how the different coated and impregnated 
samples developed colour at a first exposure to UV-radiation. The colour 
development was measured in the overall colour difference, ΔE. First all samples 
were measured in their unactivated form giving the standard to which the colour 
development was compared. 
 
The samples where placed in the middle of a white plate placed 13 cm from the 
light source. The angle of the UV-radiation light was 45°. Each sample was 
separately irradiated by light for 1 min. Then the sample was measured directly 
inside the box not to loose any of the developed colour.  
 
For each treatment 5 samples where tested and an average was calculated. Samples 
prepared for testing of one activation was reference, wax coating, whey powder 
impregnation, HALS, β –lactoglobulin and amylose. 
 
Fatigue after washing was evaluated calculating the residual colour yield. The 
residual colour yield is expressed as the colour development after washing as a 
percentage of initial colour development (1). 
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𝑅𝑒𝑠𝑖𝑑𝑢𝑎𝑙	𝑐𝑜𝑙𝑜𝑢𝑟	𝑦𝑖𝑒𝑙𝑑		𝑎𝑓𝑡𝑒𝑟	𝑤𝑎𝑠ℎ𝑖𝑛𝑔	(%) = ∆9:
∆9;
	   

𝐸∆=: 𝐶𝑜𝑙𝑜𝑢𝑟	𝑑𝑒𝑣𝑒𝑙𝑜𝑝𝑚𝑒𝑛𝑡	𝑎𝑓𝑡𝑒𝑟	𝑤𝑎𝑠ℎ𝑖𝑛𝑔   (Equation. 1) 
𝐸∆C: 𝐼𝑛𝑖𝑡𝑖𝑎𝑙	𝑐𝑜𝑙𝑜𝑢𝑟	𝑑𝑒𝑣𝑒𝑙𝑜𝑝𝑚𝑒𝑛𝑡 

 
 
Multiple activations 
For multiple activations the measurements where done the same way as for the one 
activation samples with an initial measurement in unactivated state followed by an 
activation time of 1 min. To see how the samples were affected by fatigue the same 
samples were irradiated using this method  for 5 days in a row with a few days of 
storage (10 for treated samples, 3 for HALS samples) and then the samples where 
irradiated for 5 more days. Each day the sample was irradiated for 1 min and then 
the colour was measured against the first reference colour in unactivated state.  
 
For all each treatment 5 samples where tested and an average was calculated. 
Samples prepared for testing was reference, wax coating, whey powder 
impregnation and HALS. Fatigue was calculated as the colour development after 
10 activations as a percentage of colour development after 1 activation (2). 
 

𝑅𝑒𝑠𝑖𝑑𝑢𝑎𝑙	𝑐𝑜𝑙𝑜𝑢𝑟	𝑦𝑖𝑒𝑙𝑑	(%) = ∆9E
∆9;

   

𝐸∆F: 𝐶𝑜𝑙𝑜𝑢𝑟	𝑑𝑒𝑣𝑒𝑙𝑜𝑝𝑚𝑒𝑛𝑡	𝑎𝑓𝑡𝑒𝑟	10	𝑎𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛𝑠	 	 	 (Equation. 2)	
𝐸∆C: 𝐼𝑛𝑖𝑡𝑖𝑎𝑙	𝑐𝑜𝑙𝑜𝑢𝑟	𝑑𝑒𝑣𝑒𝑙𝑜𝑝𝑚𝑒𝑛𝑠	

 
Yellowing 
The yellowing behaviour was tested for whey powder samples to determine if this 
could affect the colour development. Unprinted whey powder impregnated samples 
were tested before activation and after 10 activations measuring the average colour 
difference. 

2.2.6 Surface characterisation 
Surface characterisation was used to see if different treatments showed similar or 
different surface properties. It was also used to see how washing affected the treated 
samples. 
 
Microscopy  
A Nikon SMZ800 microscope from Nikon was used to analyse the surface of 
treated and untreated samples. An external light source was used to light up the 
samples. All samples where analysed under the same resolution and light intensity. 
 
FTIR 
FTIR is a non-destrucutive analysis method where the absorption of infrared 
radiation at different frequencies is measured to map chemical compounds. The 
absorption is often shown as a spectra with distinguish peaks associated with certain 
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chemical structures. It is the vibrations caused by different molecules and their 
bonds that absorb the infrared radiation. These absorptions occur at different 
wavenumbers producing characteristic spectras for different materials. It is not 
possible to compare the amount of absorption between different samples, but by 
analysing the peaks and comparing if two samples exhibit the same characteristic 
peaks in the spectra, you can see if two samples has the same chemical structure. 
(Sun 2009) FTIR spectroscope Nicolet iS10 FTIR from Thermo scientific was used 
to analyse samples producing FTIR spectras. Absorbance and wavenumbers were 
recorded and plotted in a spectra. 
 
Contact angle 
Attension Theta Tensiometer from Biolin Scientific was used to measure contact 
angle through the sessile drop method. The contact angle of samples treated with 
wax and whey powder was measured. The measurments where done on samples 
before and after washing to detect contact angle differences. For wax samples 
contact angle between front and back side of the fabric was measured to evaluate 
the homogeneity of the wax coating. 

2.2.7 Statistical analysis 
Statistics program IBM SPSS was used for statistical analysis of measurement data. 
For the purpose of this thesis T-test and one way ANOVA was used to see if certain 
treatments showed significantly higher colour development. A confidence interval 
of 95 % was chosen for all calculations. 
 
T-test 
T-test was used as a method of evaluating if there were significances in the colour 
development between different treatments. T-test gives you information about if 
data is significantly different from each other or if the difference is due to variations 
between samples. 
 
ANOVA 
Levene’s test was first used to see if the variance was similar and an ANOVA could 
be performed. An analysis of variation, ANOVA, was used to see if any treatments 
showed significantly higher colour development in correlation with each other. A 
one way ANOVA was used to see if different concentrations of whey powder 
showed significant in colour development. One way ANOVA was also used to 
evaluate the fatigue after 10 activations. 
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3. Results 
3.1 Ink characterisation 

3.1.1 Viscosity 
The viscosity test showed that both ink formulations had acceptable viscosity for 
use in inkjet printing, between 8-20 mPa·s through out shear rates between 0 and 
10000 1/s/s-1, see figure 11. For the highest shear rate the viscosity for ruby red was 
15,4 mPa·s and for ruby red HALS 14,5 mPa·s. Full data is shown in Appendix I. 
 

 
Figure 11. Viscosity as a function of shear rate, ruby red ink shows higher viscosity 
than Ruby red HALS ink, both inks within the desired viscosity range.  
 
Viscosity as a function of temperature showed lowest viscosity for ruby red of 11 
mPa·s at temperature 40°C and for ruby red HALS 10,6 mPa·s. Both  inks showed 
shear thinning behaviour but all values fall within the desired interval of 8-20 
mPa·s, see figure 12. Full data is shown in Appendix II. 
 

 
Figure 12. Viscosity as a function of temperature, ruby red ink show higher 
viscosity than ruby red HALS ink. Both inks show desired viscosity up to 40°C. 
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3.1.2 Surface tension 
Surface tension of the inks were measured and mean values were calculated. The 
mean value of the surface tension is the mean of 10 individual drops, where 20 
measuring points out of 120 was collected, see table 6. The 20 measurement points 
where collected from when the drop was formed and before the drop fell from the 
needle. Both inks showed desired mean values for surface tension within 28-35 
mN/m. Measurement data is shown in Appendix III. 
 
Table 6. Surface tension mean values for ruby red and ruby red HALS. 
Ink formulation Surface tension γ (mN/m) 
Ruby red 31,06 
Ruby red 2 wt% HALS 31,08 

 
3.2 Sample preparation 
Printing with ruby red ink and ruby red HALS ink was done producing samples 
suitable for colour measurements. Directly after curing the print was activated and 
visible, it was then possible to visually see the printed squares. 
 
All printing resulted in samples showing colour development after curing. When 
applying coating or impregnation before curing it was observed that the edges of 
the printed squares were smeared, see figure 13. Difference in colour development 
between samples was not possible to visually detect by eye. Similar smearing was 
found in reference samples let to rest in a UV-radiation protected box for 30 min 
before curing. 
 

 
Figure 13. Printed squares showing smearing of edges. Reference (A), Wax 
before curing (B), whey powder before curing (C) and reference cured after 30 
min (D). 
 



 32 

When producing whey powder emulsions it was observed that the higher 
concentration of whey powder the more yellow/brown the emulsion became, see 
figure 14. At a concentration of 20 wt% it was starting to become hard to mix all 
whey powder into the distilled water and the emulsion became more turbid. It was 
observed that the stiffness of the samples after drying got higher, the higher the 
concentration of whey powder used. 
 

 
Figure 14. Concentrations of whey powder emulsions from left 1,3,5,10,15, and 20 
wt%. Higher concentration shows darker yellow/brown colour. 
 
Whey powder films where produced on petri dishes by drying the whey powder 
solution until it formed a dry film. The WPI film show a thin transparent film with 
brittle behaviour, see figure 15. The WPH film in figure 15 shows a white film with 
visible particles and is just like the WPI film very brittle.  
 

 
Figure 15. Whey powder hydrolysate film (A), whey powder isolate film (B) 
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3.3 Colour measurement  

3.3.1 Whey powder concentrations 
Samples were treated with whey powder solutions of 6 different concentration 
before curing. Colour development expressed as colour difference ΔE before and 
after washing was tested for all concentrations respectively to evaluate the optimal 
concentration. Unwashed samples, see figure 16, show higher average colour 
development than washed  samples, see figure 17. The highest colour development 
for unwashed samples can be seen for concentration of 10 wt% with ΔE 12,26. 
Highest colour development for washed samples can be seen for 20 wt% with ΔE 
7,75. For both unwashed and washed samples 1wt% shows the lowest average 
colour development, lower than the reference sample. Concentrations above 10 
wt% have higher average colour development compared to the reference sample for 
both unwashed and washed samples. 

 

Figure 16. Colour difference ΔE for whey powder concentrations on unwashed 
samples. 

 

Figure 17. Colour difference ΔE for whey powder concentrations on samples after 
washing. 

0

2

4

6

8

10

12

14

Ref. 1% 3% 5% 10% 15% 20% 

ΔE

0

2

4

6

8

10

12

14

Ref. 1% 3% 5% 10% 15% 20% 

ΔE



 34 

 

3.3.2 Single activation 
One activation during 1 min of exposure to UV-radiation was performed. The result 
is shown as the average colour development ΔE, calculated as the difference 
between unactivated samples and activated samples. 
 
After one activation, see figure 18, the piles show higher colour development values 
for unwashed samples compared to the washed samples for all treatments as well 
as for reference samples and HALS samples. In the unwashed samples wax before 
curing showed the highest colour development with average colour difference ΔE 
12,83 followed by whey powder before curing with average colour difference ΔE 
12,49. Lowest average colour development for the unwashed samples showed the 
reference samples without HALS at ΔE 8,77. 

One activation of washed samples showed highest average colour development for 
samples impregnated with whey powder before curing at ΔE 7,55. Lowest average 
colour development was recieved for samples containing HALS ΔE 4,05. For full 
measurement data see Appendix IV. 

 

 

Figure 18. Colour difference ΔE for unwashed and washed samples, unwashed 
samples show generally higher average colour development than washed samples. 
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Fatigue after wash 
The colour development expressed as colour difference ΔE, after one wash cycle is 
lower for all samples, see figure 19. The slopes are different for different samples, 
showing different fatigue behaviour for different treatments. 

 
Figure 19. Colour development for unwashed and washed samples present lower 
average colour development for washed samples independently of treatment. 
 
The fatigue is shown in table 7, as the percentage of average initial colour developed 
and colour developed after one wash cycle. Whey powder before curing shows the 
lowest fatigue of 64,52 % after one wash cycle and one activation. Wax before 
curing show the highest fatigue of 45,48 % after one wash cycle and one activation. 
 
Table 7. Residual colour yield of samples after one wash cycle, lowest fatigue 
behaviour marked with bold font. 
Sample Residual colour yield (%) 
Reference 56,66	
Wax	after	curing	 56,34	
Wax	before	curing	 45,48	
Whey	powder	after	curing	 58,79	
Whey	powder	before	curing	 64,52	
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β-lactoglobulin 
Figure 20 presents results showing that for unwashed samples whey powder before 
curing shows higher colour development than pure β-lactoglobulin. Both whey 
powder before curing and β-lactoglobulin before curing shows higher colour 
development than the reference sample. 

 
 
Figure 20. Pure β-lactoglobulin compared with whey powder  
 
Washed samples are presented in figure 21 and show highest colour development 
for β-lactoglobulin before curing. Both whey powder before curing and β-
lactoglobulin before curing shows higher colour development than the reference 
sample. 
 

 
Figure 21. Pure β-lactoglobulin compared with whey powder washed 
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Amylose 
Amylose impregnation showed lower colour development than the reference 
sample in unwashed state presented in figure 22. For washed samples amylose 
showed similar colour development as the reference. 
  

 
Figure 22. Amylose impregnated samples before and after curing, in unwashed 
and washed state. 

3.3.3 Multiple activations 
The samples where activaed at the same time of day for 5 days in a row followed 
by 10 days storage in a dark UV-radiation protected environment (3 days of storage 
for HALS samples). Then the samples where then activated 5 more times, 5 days 
in a row, which gives a total of 10 activations. 
 
Unwashed 
For unwashed samples a decrease in colour development can be seen for all samples 
between the first activation and the tenth activation, see figure 23. Samples coated 
with wax before curing show the highest colour development after one activation 
as well as after 10 activations. Whey powder before curing show the second highest 
colour development after 1 respectively 10 activations. Lowest colour development 
was seen for reference samples both after 1 activation and after 10 activations. 
HALS samples showed similar decreasing trend as the other samples. 
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Figure 23. Multiple activations of unwashed samples show reduced colour 
development for all samples over time. 
 
Washed 
In washed samples all samples except HALS samples showed a decreasing colour 
development over 10 activations, see figure 24. Highest colour development after 
one activation as well as after 10 activations could be seen for samples treated with 
whey powder before curing. Lowest colour development was seen for reference 
samples. 
 

 
Figure 24. Multiple activations of washed samples show reduced colour 
development for all samples except HALS that show increased colour 
development over time.   
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Fatigue after multiple activations 
Fatigue after multiple activations shown as percentage of initial activation of the 
average colour difference, ΔE, is presented in table 8. Wax before curing samples 
show lowest fatigue behaviour, e.i. highest residual colour yield of 83,11 %. 
Highest fatigue can be found for samples treated with wax after curing at residual 
colour yield of 58,14 %. 
 
Table 8. Fatigue of unwashed samples after 10 activations, lowest fatigue marked 
with bold font. 
Samples Residual colour yield (%) 
Reference	 60,18	
Wax	after	curing	 58,14	
Wax	before	curing	 83,11	
Whey	powder	after	curing	 82,62	
Whey	powder	before	curing	 81,60	
HALS	 68,42	

 
Colour development is shown visually in figure 25, 1 representing the first 
activation and 10 representing the tenth activation. All samples show lower colour 
development after 10 activations, thereby lower saturation in the figure. 
 

 
Figure 25. Colour development after 1 activation and after 10 activations. 
Reference  (A), wax after curing (B), wax before curing (C), whey powder after 
curing (D), whey powder before curing (E), HALS (F) 
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HALS samples show highest residual colour yield with increased colour 
development of 24,5 % for washed samples presented in table 9. Out of the other 
samples wax before curing show the smallest fatigue with residual colour yield of 
95,92 %. Highest fatigue behaviour can be seen for samples treated with wax after 
curing at residual colour yield of 88,81 %. 
 
Table 9. Fatigue of washed samples after 10 activations, lowest fatigue marked 
with bold font. 
Samples Residual colour yield (%) 
Reference	 90,46	
Wax	after	curing	 88,81	
Wax	before	curing	 95,92	
Whey	powder	after	curing	 93,80	
Whey	powder	before	curing	 89,92	
HALS	 124,5	

 
Colour development is shown visually in figure 26, 1w representing the first 
activation and 10w representing the tenth activation after one washing cycle. 
 

 
Figure 26. Colour development after 1 activation and after 10 activations for 
washed samples.. Reference  (A), wax after curing (B), wax before curing (C), whey 
powder after curing (D), whey powder before curing (E), HALS (F)  
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3.3.4 Yellowing 
The yellowing of samples after 10 activations compared to initial colour was 
measured for unprinted fabric samples, see figure 27. Whey powder samples show 
no significant colour difference when compared with the reference. Full data is 
shown in Appendix VI. 
 

  
Figure 27. Colour difference after 10 activations for unprinted samples showing 
no yellowing effect for whey powder samples. 
 

3.4 Surface characterisation  

3.4.1 Microscopy 
Through microscopy it was possible to observe the surface structure of the plain 
weave samples. It was not possible to visually see any notable difference between 
reference, wax coated and whey powder impregnated samples see figure 28.  
 

 
Figure 28. Unwashed samples at 3.6 enhancement, Reference (A), Wax before 
curing (B), whey powder before curing (C) 
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No significant visual difference between unwashed samples and washed samples 
could be seen, see figure 29. Neither the coating or the impregnation was visible 
with the resolution available in the microscope. 
 

 
Figure 29.  A wax before curing unwashed (D), wax before curing washed (E), 
whey powder before curing (F), whey powder before curing washed (G) 
 
Films made from WPI and WPH were also analysed under the microscope, see 
figure 30. WPI film produced in  the same way as whey powder samples show a 
transparent film with slight colour deviations. The WPH film show more white 
areas and more cracks in the film structure demonstrating the brittleness in the film.  
 

 
Figure 30. WPI film (H), WPH film (I) 
 
A UV-LED radiation lamp was used to irradiated samples and colour development 
was detected in the print. Figure 31 show the colour difference between printed and 
unprinted fabric. 
 

 
Figure 31. Activated print (J), unprinted fabric (K) 
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The smearing of the edges of the print can be seen in figure 32 where the reference 
sample show a distinctive edge between printed and unprinted fabric. In the sample 
treated with wax before curing the edge of the print is fading out into the unprinted 
fabric. 
 

 
Figure 32. Refernce (L), smearing can be seen in wax before curing (M). 

3.4.2 FTIR 
FTIR spectroscopy of textile samples were not successful, results are shown in 
Appendix VII. FTIR spectroscopy was performed on the WPI and WPH films, see 
figure 33. The peaks of 1626,96 for WPI and 1631,60 for WPH reflect the first 
amide region and shows the CO stretch. The peaks of 1530,85 and 1513,74 reflect 
the C-NH stretch. The peaks to the left in the spectra, wavenumber around 3300 is 
due to the NH stretch. WPH show a peak at 2358,75 not visible for WPI, but is 
shown for bth in figure 34. Both spectra show similar peaks to typical spectra for 
proteins. 
 
 

 
Figure 33. FTIR spectra of WPI (red) WPH (blue). 
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The whey powder based film and the β-lactoglobulin film show similar spectras 
and peaks, see figure 34. β-lactoglobulin should be the main component in whey 
powder and therefore a similar spectra should be expected. Amylose is not a protein 
and has a different chemical structure shown in FTIR with other spectral peaks. The 
peak at 3315 is due to vibrations caused by CH stretching. The peaks at 1148, 1076 
and 995 can be associated with CO and CC stretches as well as COH bending. The 
spectra show similar peaks formation as typical spectras for amylose. For more 
detailed spectra see Appendix VIII. 
  

 
Figure 34. FTIR spectra of WPH (blue), WPI (magenta), β-lactoglobulin (red) 
and amylose (green). 

3.4.3 Contact angle 
The contact angle did not differ noticeably between unwashed and washed 
samples. A higher contact angle could be seen for wax coated samples with 
average of 146° for unwashed and 144° for washed samples, see figure 35.  
 

 

Figure 35. Measurement of contact angle showing highest values for wax 
samples. 
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As seen in figure 36 there is now notable difference in contact angle between the 
front and back side of the wax coated samples indicating that the wax has formed a 
homogenous coating through the thickness of the fabric. 
 

 

Figure 36. Contact angle of sample coated with wax, front  side and back side.  
 
The wax coated samples were the only samples where a drop of water could remain 
on the surface of the fabric as seen in figure 37. This refelects the noticably higher 
contact angle of the wax coated samples compared to reference samples and whey 
powder samples. A water drop could be formed on unwashed samples as well as 
washed samples and stayed at the surface during the full measurement period. 
 

 

Figure 37. Drop on wax coated fabric. 
 

3.5 Statistical analysis  

3.5.1 T-test 
H0:µ=0 
H1:µ≠ 0 
 
Single activation 
For unwashed samples t-tests for wax before curing compared to wax after curing 
and whey powder before curing compared with whey powder after curing was 
performed. Both t-tests showed a P-value lower than the significance level of 95 %. 
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both wax and whey powder samples. Wax applied before curing show a significant 
higher colour development than was applied after curing. The same is true for whey 
powder applied before curing compared to whey powder applied after curing. Full 
t-test see Appendix XI.  
 
For washed samples wax before curing compared with washed after curing the P-
value was higher than the chosen significance level of 95 %. H0 could not be 
rejected and there is no significant difference in means of these samples. Full T-test 
see Appenix XI. Washed samples treated with whey powder before curing had 
compared to samples treated after curing a P-value lower than the significance level 
of 95 %. H0 can be rejected result giving that there is a significant difference in 
means. Whey powder applied before curing for washed samples show a 
significantly higher colour development. Full T-test see Appendix XI. T-test was 
used to compare treatments applied before curing for both washed and unwashed 
samples eg. wax before curing and whey powder before curing in unwashed and 
washed state, with HALS samples. P-values  for both unwashed and washed 
samples of wax and whey powder show lower values than the significance level of 
95 %. H0 can be rejected and show significantly higher colour development for 
samples protected with a physical coating or treatment compared to chemical in the 
form of HALS. Full T-test see Appendix XII. 
 
To see if pure β-lactoglobulin had an significant increased effect on colour 
development compared to whey powder impregnation they were evaluated in a t-
test. The t-test showed no significance in colour development except for washed 
samples of whey powder before curing compared to β-lactoglobulin before curing, 
see Appendix XII. The colour development was there significantly higher for β-
lactoglobulin than whey powder. 
 
Amylose was tested compared to reference showing no significance in colour 
development compared to the reference, except for when applied before curing 
where it significantly lower colour development than the reference. See Appendix 
XII. 

3.5.2 One way ANOVA 
H0: All sample groups have the same average 
H1: At least two of the sample groups have different averages 
 
Whey powder concentrations 
A one way ANOVA was conducted for different whey powder concentrations for 
unwashed samples and compared to untreated reference. Significance was found 
for concentrations 1 %, 3 %, 10 % and 15 %. Concentrations 1 % and 3 % showed 
a colour development significantly lower than reference sample. Concentrations 10 
% and 15 % showed significantly higher colour development compared to reference 
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sample. Concentration of 10 % show highest mean value ΔE 12,26. See Appendix 
XIII. For washed samples the Levene’s test showed significant difference in 
variance and no ANOVA could be performed.  
 
Single activation 
With the confidence interval of 95 % the Levene’s test showed that both unwashed 
and washed samples showed a significant difference in variance, see Appendix 
XIV. This means that ANOVA could not be performed for one activation samples. 
 
Multiple activations 
A one way ANOVA was conducted comparing the difference between activation 
day 1 and activation day 10. The ANOVA for unwashed samples all treatments 
except for HALS showed significance against the reference sample. The lowest 
mean value showing the lowest colour development loss. Lowest mean value was 
found for the significant value of whey powder after curing. For full ANOVA see 
Appendix XV. 
 
For washed samples the ANOVA showed significance for HALS samples showing 
a negative mean value. This  is due to enhanced colour development after 10 
activations compared to fatigue in all other samples. Full ANOVA se Appendix 
XV. 
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4. Discussion 
4.1 Ink characterisation 
Both the standard ink and the ink containing HALS developed suitable properties 
for printing e.i. a viscosity of 8-20 mPa·s and surface tension of 28-35 mN/m. The 
surface tension measurement values had to be fewer than desired in the method 
since it was hard to form a stable drop from the low surface tension ink but this 
should not affect the surface tension values remarkably. Printing in the inkjet printer 
showed that the inks were successfully produced and suitable for inkjet printing. 
No change in the printability was seen during the printing over time for ruby red 
ink and ruby red ink HALS. Stable ink formulations can be assumed.  
  

4.2 Sample preparation 
Printing of the cut fabric samples worked well with the inkjet printer and was cured 
in the same process. Since printing speed and curing rate are important parameters 
for the quality of the print it was important that these where kept the same for all 
samples. By observing the print after the sample fabric had gone through printing 
and UV-radiation curing it was possible to see by eye if the print was successful. 
Using test prints making sure all printheads were working was aslo done to prevent 
faulty prints.  
 
For samples coated or impregnated before curing the edges of the print are not as 
sharp as for samples cured before, this is due to wicking. The ink is bleeding out 
into the fabric and making production of patterns where the quality requirements 
are high impossible. For fabrics where inkjet printing is used merely as method of 
dyeing the fabric this method is still viable. The smeared effect could be reduced if 
the coating and impregnation process time is reduced. 
 

4.3 Colour measurement 
Colour measurement is not a direct method of looking at oxygen inhibition and 
photo-oxidation, but gives a practical approach of analysing the quality of the print. 
Colour development is the property interesting out of a production perspective since 
colour development as high as possible is desired. If the colour development is 
improved the intensity of the colour can be remained or the dye concentration can 
be reduced with the same colour development, saving money and resources. 
Therefore as high colour development is what is aimed for in this study, using 
chemical and physical stabilisers. 
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4.3.1 Whey powder concentrations 
From a resource saving and economic perspective the lowest concentration with the 
best effect would be the best alternative. Six different concentrations was tested 
showing best results for samples treated with 10 wt% and higher. The fact that 10 
wt% shows similar effect to 15 wt% and 20 wt%, in combination with results from 
earlier studies show that 10 wt% is a good concentration for application on textiles 
(Bosco, Carletto et al. 2013, Han and Krochta 2007, Weizman, Dotan et al. 2017, 
Han and Krochta 2007). Since the application was made on textile, impregnation 
was chosen as method. Only the study by Bosco, Carletto et al. (2013) used this 
method, and therefore protection might be possible through film covering the 
textile. In this case oxygen trapped in between film and yarn has to be taken into 
account. 

4.3.2 Single activation 
The single activation, section 3.3.2, show how the different treatments affect the 
colour development e.i. how well the print is protected against oxygen inhibition 
during curing. Wax and whey powder treatments have never been used before with 
the purpose of protecting photochromic prints on textile, but these materials has 
been used in other applications with the same aim of protecting agains oxygen 
exposure. All samples treated before curing show higher colour development than 
the reference sample which means that they provide protection during curing. This 
protective barrier properties has been suggested for both wax coatings and whey 
powder film in earlier studies (Bolon and Webb 1978, Malucelli, Bosco et al. 2014, 
Ryan and Walsh 2016, Weizman, Dotan et al. 2017). Samples treated after curing 
also show higher colour development enhancing the colour development at the 
single activation test. Therefore we can assume that the wax coating and whey 
powder impregnations give a slight colour development enhancement during 
activation due to protection agains photo-oxidation.  
 
Since the samples are compared to their own initial colour the eventual colour added 
by the treatment can be excluded. Unwashed samples show generally higher colour 
development, colour difference ΔE, than washed samples. This could mean that 
some of the dye printed on to the fabric is not readily bound to the fabric and is 
washed away. Alternatively the washing destroys the colour developing effect of 
the print. Crano and Guglielmetti (1999) state that water is one of the factors 
responsible for fatigue in photochromic dyes and thereby washing might damage 
the print. It has also been showed that whey powder films are great oxygen barrier 
but will not work as a barrier against water vapour (Malucelli, Bosco et al. 2014, 
Ryan and Walsh 2016, Weizman, Dotan et al. 2017). This means that water can still 
reach the print damaging it or washing it away, leading to lower colour development 
for washed samples. 
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The samples treated with whey powder shows the highest colour difference after 
washing. This means that the whey powder treatment gives the best protection 
against oxygen inhibition during curing. This oxygen protective property was 
reported by Bosco, Carletto et al. (2013) and Malucelli, Bosco et al. (2014) used as 
a flame retardant, but has not been used earlier in the purpose of protecting 
photochromic prints. Compared to the other samples after washing the whey 
powder before curing samples show a distinctive higher colour difference. Some 
effect is still lost after washing with 64,52 % colour development compared to the 
unwashed sample. Compared to the other samples this is still the lowest fatigue 
behaviour, whey powder before curing giving the best effect of the tested 
treatments. This also indicate that whey powder gives the best protection during 
curing leading to higher cure rate and therefore higher colour development after 
washing. 
 
One could argue that there is an anitoxidative reaction during UV-radiation due to 
the use of whey powder impregnation. Since all samples are in their dry form when 
tested we should assume that it is the barrier property that is responsible for the 
reduced photo-oxidation and higher colour development rather than the anti-
oxidation. This was shown by Atarés, Bonilla et al. (2010) and Bonilla, Atarés et 
al. (2012) where only antioxidant behaviour was found when whey powder films 
with antioxidants where exposed to moisture. Applying moisture to induce this 
effect will lead to reduced oxygen barrier properties as shown by Bonilla, Atarés et 
al. (2012). 
 
For samples treated with chemical stabilisers in the form of HALS showed higher 
colour development compared to the reference samples for unwashed samples. For 
the washed samples HALS samples showed the over all lowest colour development 
after one activation. The lower colour development of the HALS samples after 
washing could be due to the scavenging of radicals from the photo-initiator causing 
lower cure rate of the ink, uncured ink being washed away. Over time the HALS 
should reduce the effect of fatigue seen in the multiple activation test. 
 
Comparing the physical and chemical stabilisers used, the physical stabilisers in the 
form of wax and whey powder treatments were giving a protective effect agains 
oxygen inhibition. HALS did not give any protection during the curing and 
therefore did not hinder oxygen inhibition. What could be seen for the physical 
stabilisers was that they gave higher colouration of prints when applied before 
curing. These results supports the hypothesis that wax and whey powder treatments 
applied before curing will increase the coloration effect due to their protective 
barrier properties. 
 
β-lactoglobulin  
To evaluate if it is the protein in the whey powder that gives the desired protection 
agains photo-oxidation β-lactoglobulin, the main protein present in whey powder, 
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was tested in its pure form. Colour development of β-lactoglobulin applied before 
curing compared to whey powder applied before curing is lower for unwashed 
samples but higher for washed samples. Since washed samples should contain less 
uncured ink it seems like the β -lactoglobulin is one of components responsible for 
protection against photo-oxidation and oxygen inhibition. To be able to say that it 
is the only component in whey powder responsible for the enhanced colour 
development in the washed samples further tests of all other component in whey 
powder have to be performed. Production of films for FTIR showed that β-
lactoglobulin produces brittle films and can also work as a barrier like the WPI film. 
 
Amylose 
Amylose was also tested in its pure form to see if starch-based impregnations could 
work just as well as protein based. Amylose impregnations showed lower colour 
development than the reference samples both in unwashed and washed state. This 
would suggest that amylose does not work as well as proteins in protecting the ink. 
Moreno, Atarés et al. (2015) showed that barrier properties of starch-based films 
could be improved by addition of protein up until a certain concentration. The 
oxygen barrier might then be improved by mixing β-lactoglobulin into the amylose 
film. Another reason for the lower colour development for the amylose treatment 
could be due to temperature of the water being too low to fully dissolve the amylose 
and thereby create an even film over the textile.  

4.3.3 Multiple activations 
The multiple activations test, section 3.3.3, was used to look at fatigue of the 
samples after multiple exposures to UV-radiation. The results show how the prints 
are protected by the treatments over time. All samples show reduced colour 
development over 10 activations of 1 minute, both unwashed and washed samples, 
except for washed HALS samples that show increased colour development. The 
washed samples show a lower initial colour development, but also a lower fatigue. 
 
For unwashed samples both wax before curing and whey powder before curing 
show noticeably higher colour development than the other samples for multiple 
activations. This can be explained by the fact that they have a higher initial colour 
development due to the protection provided during curing. The samples still 
showing fatigue over time. The fatigue indicate that the treatments do not give 
protection against photo-oxidation over time. The fatigue can be caused by 
exposure to water, oxygen or free radicals as described by Crano and Guglielmetti 
(1999) and Van Gemert (2002). 
 
In the washed samples whey powder before curing show distinctively higher colour 
development, but also a higher initial colour development. The washed HALS 
samples have the lowest initial colour development but this chemical stabilisation 
is the only treatment that increases its colouration over time. This increase could be 
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explained by the regenerating scavenging effect described by and Little and Christie 
(2011). It does not explain why the coloration is not increased for unwashed HALS 
samples. One explanation could be that uncured ink still forms radicals reacting 
with the HALS but will be removed after washing. This gives HALS the possibility 
to work as a scavenger in washed samples. 
 
When looking att the fatigue of the samples section 3.3.3 table 8, wax before curing 
show the lowest fatigue behaviour for unwashed samples. This indicates that the 
wax protects the print during the curing giving a more stable ink. It can be seen that 
wax samples treated after curing show higher fatigue and if wax gives sufficient 
protection against photo-oxidation during activation the fatigue should be the same 
for wax samples treated before and after curing, this is not the case. If the HALS 
samples are excluded wax before curing also show the lowest fatigue after washing, 
giving reduced fatigue after exposure to one wash cycle.  
 
If we look at the physical stabilisers compared to chemical, the chemical stabiliser 
HALS is the only treatment that increase the coloration over time, reducing photo-
oxidation. Physical stabilisers applied before curing generally also give a reduced 
fatigue over time, but do not increase the colouration. Combining chemical and 
physical stabilisers could give protection agains both oxygen inhibition and photo-
oxidation.  

4.3.4 Yellowing 
The yellowing of the treatments on the whey powder impregnated fabric was 
evaluated to make sure that the colour development after 10 activations compared 
to the initial colour was not affected by yellowing. The concern was highest for the 
whey powder impregnation as Schmid, Held et al. (2015) described a yellowing 
effect of WPI films after exposure to UV-radiation. The whey powder samples did 
not show any significant change and the small colour difference could be attributed 
to the measurement inaccuracy of the spectrophotometer. 
 

4.4 Surface characterisation 
Microscopy was used first to analyse if it was possible to see how the coating and 
impregnations covered the fabric. Did the wax provide a homogenous coating and 
did the impregnations  form a film over the fabric? This could not be seen using 
microscopy. Secondly it was of interest to see if the treatments were removed after 
wash, but since neither the coating nor the impregnations could be seen in the 
microscopy this was not possible. It was therefore interesting to look at the contact 
angle of the samples to see if it changed after wash. Samples showed similar contact 
angles after washing. This suggest that treatments should give the same protection 
after washing as before washing. No difference in contact angle between wax 
samples front and back side was found. When handeling the samples it felt like 
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something was removed and whey powder samples had lost their stiffness. We can 
therefore suspect that the contact angle measurements might not show a 
representative result. 
 
How the treatments were affected by wash could not be seen using microscopy and 
therefore FTIR was performed. The idea was that it would be possible to conclude 
that wax and whey powder was present in both unwashed and washed samples. The 
FTIR performed on textiles was not successful and no results were achieved. It was 
therefore not possible to say if treatments were still remaining in samples after 
wash.  
 
To analyse what the whey powder used contained, it was analysed in film form and 
compared with pure β-lactoglobulin. Whey powder film showed similar spectra to 
the β-lactoglobulin which supports that the main component of the whey powder 
used in this study is β-lactoglobulin. It does not say anything about the other 
components in wheypowder. WPH and WPI film showed the same FTIR peaks, not 
suggesting any difference in structure. Since the WPH film was less transparent, 
not desired for impregnation, WPI should be chosen. 
 
Film making was made as a procedure to see how the treatment used worked as 
protecting barrier over the fabric, if they produced a film. The film made from WPI 
with the same parameters as for the textile samples resulted in a transparent but 
brittle film. This strengthens the idea that whey powder works as a protective barrier 
aginst oxygen on the textile fabric as suggested by Bosco, Carletto et al. (2013). 
WPH was also tested and gave a white film with uneven distribution of particles 
and just like the WPI film the WPH film was brittle. This film was not as successful 
and it might have to be combined with some kind of plasticiser to produce an even 
and transparent film. The films were also analysed in a microscope to see the 
transparency and structure of the films. 
 

4.5 Statistical analysis  
Levene’s test showing too high variance between single activation samples made 
them unsuitable for ANOVA tests. Therefore a correlation between all samples was 
not possible. T-tests was chosen to show significance of measurements when 
comparing two sample groups. The results in section 3.3.2 figure 18 was strengthen 
by t-test showing significantly higher colour development for washed samples for 
both wax and whey powder if applied before curing. It is therefore possible to with 
statistical certainty say that applying wax or whey powder treatments before curing 
gives higher colour development, due to reduced oxygen inhibition. For washed 
samples only whey powder before curing showed significantly higher colour 
development. Statistically this means that only whey powder before curing can be 
seen to significantly increase the colour development for both unwashed and 
washed samples. T-test also showed that colour development of physical 
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protections was significantly higher than chemical stabilisation with HALS. This 
was also seen in sectin 3.3.2 figure 18 where HALS samples showed similar values 
as the reference samples. 
 
No significantly higher colour development could be seen in t-test for β-
lactoglobulin compared to whey powder samples. β-lactoglobulin did not enhance 
the colour development significantly and out of economic and environmental 
perspective whey powder becomes the most beneficial choice of material. For 
amylose impregnation no statistically significant colour difference was found. This 
means that no protection against oxygen inhibition could be seen. 
 
For different whey powder concentrations the ANOVA for unwashed samples 
showed that concentration of 10 % and 15 % showed significant colour 
development compared to the reference. The highest mean value was found for 10 
% concentration and can therefore be seen as the concentration giving highest 
colour development. This strengthens the choice of whey powder concentration of  
10 % further in the use for samples tested in one activation and multiple activation 
tests. 
 
ANOVA comparing the fatigue after 10 activations showed significance for all 
samples except HALS when compared with the reference. All treatments being 
beneficial for colour development. For washed samples only HALS samples 
showed significant colour development, this due to the fact that it was the only 
sample increasing its colouration over time.  
 

4.6 Environmental aspects  
As argued in the literature review section 1.5.6, digital inkjet printing and UV-LED 
radiation curing are two resource efficient methods of producing printed fabrics. 
The amount of ink needed is minimal and no water is needed in the printing process.  
 
There are great benefits in using whey powder since it is a waste product as stated 
by Malucelli, Bosco et al. (2014). After testing pure β-lactoglobulin it was shown 
that pure protein did not give a significantly higher colour development. Whey 
powder should therefore be the natural choice since pure β-lactoglobulin is more 
expensive to produce. The wax used is a mixture of paraffin wax and beeswax. 
Paraffin wax comes from crude oil and is therefore not a renewable material. This 
could be improved by using only beeswax as coating, but the application method 
might have to be altered. Wax and whey powder being non toxic and biodegradable 
is good from as waste perspective. Both in handling in an eventual recycle process 
or if it ends up in landfills.  
 
All these benefits aside, all these treatments (wax, protein and starch) adds a process 
and a new component to the textile. More resources are used compared to not using 
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any treatment of the textile. From a life cycle perspective the production and 
environmental effects of these added materials has to be taken into account. All 
steps from cultivation and production to disposal for whey powder for example has 
to be added to the existing printing and curing process. It was argued by Fletcher 
(2012) that by lengthening the life of a textile product will reduce its impact on the 
environment. In the case of using wax and whey powder treatments they give better 
print than with no treatment. This improvement of the prints has to be weighted 
against the impact of their application.  
 
The people handling these photochromic inks treated with wax and whey powder 
also have to be taken into consideration. The materials are non-toxic, but cultivation 
and production of these materials can be hazardous, including chemicals and 
dangerous procedures. The UV-radiation used during curing also has to be 
mentioned. People working with printing and UV-radiation curing should be 
informed of the risks and proper safety precautions should be taken. UV-radiation 
can both damage the human eye as well as lead to skin cancer. 
 

4.7 Errors  
Human errors cannot be excluded, but using repeated samples and double checking 
all measurements they can be kept to a minimum. Some tests of the samples are 
more affected by the human error due to movements and placements of samples 
done by hand. To limit errors and changes in measurements, procedures were timed 
using clock watch and same movement patterns were applied. 
 
Instrument errors can be a factor and might not always be detected. There where 
one error detected during testing where the spectrophotometer program crashed 
making the measurement delayed. These test data where excluded from the results, 
the risk still being faulty measurements that were not detected.  

5. Conclusions 
It has been shown that it is possible to enhance the colour development of 
photochromic prints cured with UV-LED radiation curing using physical 
stabilisers, through impregnating the fabric with whey powder or coating it with 
wax. For both unwashed and  washed samples all treated samples showed higher 
colour development than samples containing the chemical stabiliser HALS. Over 
time washed samples containing HALS were the only samples showing increased 
colour development. 
 
Higher colouration was achieved if samples where coated or impregnated before 
the curing process. This was experienced for both unwashed and washed samples 
where unwashed samples showed highest colour development. The physical 
stabilisation using impregnation and coating gives protection agains oxygen 



 56 

inhibition through forming a barrier protecting print. Whey powder impregnation 
gave the highest colour development after a single activation. After multiple 
activations of unwashed samples all tested samples showed fatigue. Washed 
samples showed a lower fatigue than unwashed samples but had a lower initial 
colour development. After multiple activations wax and whey powder treated prints 
showed reduced fatigue compared to the reference, but only the chemical stabiliser 
HALS gave an sufficient protection against photo-oxidation giving increased 
colour development over time. These results could also be supported statistically 
using t-test and ANOVA. 
 
β-lactoglobulin applied before curing show lower colour development than whey 
powder for unwashed samples and higher for washed samples. No significance can 
be seen statistically. Studying FTIR spectra of whey powder and β-lactoglobulin 
they suggest that they have the same chemical structure. Whey powder and β-
lactoglobulin can be seen to have the same colour enhancing effect, but out of 
economic view whey powder is chosen. 
 
Starch based impregnation using amylose showed no improvement of the colour 
development, rather a reducing effect that could also be concluded statistically. The 
poor protective properties of the amylose could be due to poor application and 
adhesion to the fabric. 
 
The hypothesis that substrate coated with wax before coating or impregnated with 
whey powder before curing shows higher colouration effect than if applied before 
curing is supported by the results achieved. All data show that both wax and whey 
powder applied before curing enhance the colour development. It was concluded 
through t-test that treatment before curing for both wax and whey powder showed 
significantly higher colour development than if it was applied after curing. This 
conclude that the treatments work well in protecting the print from oxygen 
inhibition during curing. 
 
We can hereby conclude that both physical and chemical stabilisers are beneficial 
to inkjet printing of photochromic dyes on textile. Physical stabilisers have greatest 
effect on coloration when used as protection against oxygen inhibition during 
curing, while chemical stabilisers can reduce the fatigue caused by photo-oxidation 
during UV-radiation exposure over time. 
 

6. Future research 

One aspect to look at is the smearing that occurs when the prints are not cured 
directly after printing. To be able to use the techniques and produce high quality 
prints the smearing has to investigated and possible solutions should be found.  
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One alteration that could help with the smearing as well is to improve the 
application method of wax and whey powder. As this new process has been made, 
the print is taken out of the effective continous process. Therefore it would be 
interesting to look att alternative application methods making it possible to keep the 
continous production process. Maybe it could be possible to add wax or whey 
powder through spraying or print the protective layer after the photochromic ink 
using 3D printing or inkjet printing. 

The combination of chemical and physical stabilisers would also be interesting to 
investigate. This to counter both oxygen inhibition and photo-oxidation. Could the 
combination give synergy effects or will they counteract eachother?  
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Appendix I 
 
Viscosity for shear rate 0-10000 [1/s] 

Shear rate [1/s] Viscosity Ruby red Viscosity Ruby red + HALS 
0,1 0,0168 0,0156 
101 0,0168 0,0156 
202 0,0169 0,0156 
303 0,0169 0,0156 
404 0,0169 0,0156 
505 0,0169 0,0156 
606 0,0169 0,0156 
707 0,0169 0,0156 
808 0,0169 0,0156 
909 0,0169 0,0156 

1 010 0,0169 0,0157 
1 110 0,0169 0,0157 
1 210 0,017 0,0157 
1 310 0,017 0,0157 
1 410 0,017 0,0157 
1 520 0,017 0,0157 
1 620 0,017 0,0157 
1 720 0,017 0,0157 
1 820 0,017 0,0157 
1 920 0,017 0,0157 
2 020 0,017 0,0157 
2 120 0,017 0,0157 
2 220 0,017 0,0157 
2 320 0,017 0,0157 
2 420 0,017 0,0158 
2 530 0,017 0,0158 
2 630 0,017 0,0158 
2 730 0,017 0,0158 
2 830 0,017 0,0158 
2 930 0,017 0,0158 
3 030 0,017 0,0158 
3 130 0,017 0,0158 
3 230 0,017 0,0157 
3 330 0,017 0,0157 
3 430 0,017 0,0157 
3 540 0,017 0,0157 
3 640 0,0169 0,0157 
3 740 0,0169 0,0157 
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3 840 0,0169 0,0157 
3 940 0,0169 0,0157 
4 040 0,0169 0,0157 
4 140 0,0169 0,0157 
4 240 0,0169 0,0157 
4 340 0,0169 0,0157 
4 440 0,0169 0,0157 
4 550 0,0168 0,0157 
4 650 0,0168 0,0157 
4 750 0,0168 0,0156 
4 850 0,0168 0,0156 
4 950 0,0168 0,0156 
5 050 0,0168 0,0156 
5 150 0,0167 0,0156 
5 250 0,0167 0,0156 
5 350 0,0167 0,0156 
5 450 0,0167 0,0156 
5 560 0,0167 0,0155 
5 660 0,0167 0,0155 
5 760 0,0166 0,0155 
5 860 0,0166 0,0155 
5 960 0,0166 0,0155 
6 060 0,0166 0,0155 
6 160 0,0166 0,0154 
6 260 0,0165 0,0154 
6 360 0,0165 0,0154 
6 460 0,0165 0,0154 
6 570 0,0165 0,0154 
6 670 0,0164 0,0154 
6 770 0,0164 0,0153 
6 870 0,0164 0,0153 
6 970 0,0164 0,0153 
7 070 0,0163 0,0153 
7 170 0,0163 0,0153 
7 270 0,0163 0,0152 
7 370 0,0163 0,0152 
7 470 0,0162 0,0152 
7 580 0,0162 0,0152 
7 680 0,0162 0,0151 
7 780 0,0161 0,0151 
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7 880 0,0161 0,0151 
7 980 0,0161 0,0151 
8 080 0,0161 0,015 
8 180 0,016 0,015 
8 280 0,016 0,015 
8 380 0,016 0,015 
8 480 0,0159 0,0149 
8 590 0,0159 0,0149 
8 690 0,0159 0,0149 
8 790 0,0158 0,0149 
8 890 0,0158 0,0148 
8 990 0,0158 0,0148 
9 090 0,0157 0,0148 
9 190 0,0157 0,0147 
9 290 0,0157 0,0147 
9 390 0,0156 0,0147 
9 490 0,0156 0,0147 
9 600 0,0156 0,0146 
9 700 0,0155 0,0146 
9 800 0,0155 0,0146 
9 900 0,0155 0,0145 
10 000 0,0154 0,0145 
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Viscosity depending on temperature 

Ruby red 
Temperature [°C] Viscosity [mPa⋅s] 

17.50 0.0163 
17.50 0.0163 
18.70 0.0162 
20.29 0.0161 
21.2 0.0159 
22.17 0.0157 
23.51 0.0154 
24.72 0.0151 
25.88 0.0147 
27.23 0.0144 
28.53 0.0140 
29.75 0.0136 
31.08 0.0132 
32.27 0.0128 
33.47 0.0124 
34.93 0.0120 
36.24 0.0116 
37.47 0.0113 
38.7 0.0111 
39.7 0.0110 

 
Ruby red HALS 

Temperature [°C] Viscosity [mPa⋅s] 
17.50 0.0153 
17.50 0.0153 
18.76 0.0152 
20.25 0.0151 
21.07 0.0150 
22.13 0.0148 
23.56 0.0145 
24.78 0.0142 
25.91 0.0139 
27.27 0.0136 
28.50 0.0132 
29.60 0.0128 
31.04 0.0125 
32.41 0.0121 
33.54 0.0117 
34.93 0.0113 
36.30 0.0111 
37.39 0.0110 
38.38 0.0108 
39.06 0.0106 
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Appendix III 
Ruby red 

Surface tension γ [mN/m] 
 Drop 

1 
Drop 
2 

Drop 
3 

Drop 
4 

Drop 
5 

Drop 
6 

Drop 
7 

Drop 
8 

Drop 
9 

Drop 
10 

 30.51 30.93 30.41 31.07 31.1 30.98 26.39 33.85 31.21 31.2 
 30.43 30.96 30.37 31.06 31.07 30.98 28.32 33.71 31.18 31.15 
 30.39 30.96 30.42 31.07 31.09 31.03 29.53 33.38 31.19 31.18 
 30.40 30.96 30.41 31.03 31.08 31.05 30.26 33.29 31.17 31.14 
 30.42 31.01 30.37 31.05 31.10 31.04 30.78 32.61 31.19 31.18 
 30.40 30.91 30.34 31.04 31.10 31.01 31.30 31.91 31.14 31.13 
 30.36 30.91 30.38 31.02 31.09 31.01 31.87 31.20 31.12 31.11 
 30.41 30.94 30.37 31.00 31.08 30.96 31.69 31.18 31.13 31.12 
 30.37 30.86 30.34 31.00 31.10 30.97 32.04 31.12 31.15 31.10 
 30.37 30.86 30.32 30.97 31.11 31.02 32.03 31.11 31.17 31.10 
 30.36 30.83 30.34 31.03 31.08 30.98 32.16 31.13 31.14 31.12 
 30.34 30.81 30.38 30.97 31.04 30.98 32.97 31.14 31.12 31.09 
 30.32 30.84 30.34 30.94 31.08 31.01 33.20 31.10 31.12 31.10 
 30.29 30.77 30.34 30.92 31.13 31.06 34.09 31.03 31.14 31.05 
 30.32 30.77 30.31 30.91 31.13 31.01 34.31 31.03 31.12 31.05 
 30.32 30.73 30.29 30.93 31.12 30.98 32.91 31.09 31.14 31.07 
 30.33 30.70 30.29 30.95 31.14 31.00 33.89 31.11 31.11 31.05 
 30.36 30.73 30.30 30.96 31.11 31.02 34.12 31.06 31.11 31.04 
 30.35 30.69 30.29 30.93 31.10 31.00 33.42 31.09 31.11 31.07 
 30.39 30.71 30.29 30.93 31.12 30.94 33.80 32.73 31.10 31.08 
Mean 30.37 30.84 30.35 30.99 31.10 31.00 31.95 31.79 31.14 31.11 
Total 
mean 

31.06 

 
Ruby red HALS 

Surface tension γ [mN/m] 
 Drop 

1 
Drop 
2 

Drop 
3 

Drop 
4 

Drop 
5 

Drop 
6 

Drop 
7 

Drop 
8 

Drop 
9 

Drop 
10 

 33.41 31.25 32.54 33.75 31.15 31.05 30.96 30.81 30.88 27.15 
 34.86 31.24 31.34 32.78 31.16 30.95 30.96 31.99 30.89 30.01 
 33.16 31.27 31.34 33.79 31.15 31.07 30.95 31.05 30.86 28.30 
 33.33 31.22 31.26 32.94 31.15 31.03 31.01 34.82 30.86 31.41 
 34.26 31.24 31.25 33.04 31.16 31.01 31.03 31.94 30.85 31.14 
 33.51 31.23 31.28 31.10 31.15 31.00 31.03 32.42 30.86 33.09 
 34.01 31.22 31.26 31.06 31.14 31.06 31.02 33.81 30.82 30.94 
 33.81 31.21 31.24 31.08 31.14 31.08 31.01 32.62 31.01 33.26 
 33.95 31.22 31.22 31.06 31.18 31.02 30.96 32.50 30.85 31.05 
 34.89 31.22 31.22 31.07 31.18 31.10 30.98 34.35 30.85 34.4 
 33.96 31.21 31.21 31.08 31.16 31.05 30.98 33.18 30.88 37.63 
 34.05 31.22 31.20 31.08 31.17 31.03 30.99 33.86 30.84 32.71 
 34.39 31.21 31.20 31.05 31.16 31.00 31.00 32.94 30.86 35.17 
 34.18 31.21 31.19 31.03 31.15 31.03 30.99 33.01 30.85 33.91 
 32.43 31.18 31.16 30.99 31.15 31.08 31.00 33.04 30.86 35.03 
 34.91 31.17 31.21 30.98 31.15 31.03 31.02 34.31 30.84 37.79 
 35.05 31.19 31.14 30.96 31.13 31.06 31.06 33.19 30.84 34.86 
 33.73 31.20 31.16 30.97 31.17 31.06 30.98 32.89 30.83 33.51 
 33.09 31.16 31.15 30.98 31.12 31.08 30.94 32.56 30.82 34.83 
 33.60 31.15 31.18 30.97 31.14 31.00 30.95 32.55 30.82 34.21 
Mean 33.93 31.21 31.29 31.59 31.15 31.04 30.99 32.89 30.86 33.02 
Total 
mean 

31.8 

 



Appendix IV 
 
Colour difference ΔE after one activation 
 

Unwashed 
Sample Reference Wax 

after 
curing 

Wax 
before 
curing 

Whey 
powder 
after 
curing 

Whey 
powder 
before 
curing 

HALS 

1 8,58 9,44 13,08 10,00 12,68 9,40 
2 8,69 9,66 13,54 9,89 12,82 9,67 
3 8,79 11,21 13,14 8,87 11,84 9,66 
4 9,08 11,11 12,66 8,36 12,80 8,58 
5 8,69 11,38 11,72 8,71 12,33 9,22 

 
Washed 

Sample Reference Wax 
after 
curin
g 

Wax 
before 
curing 

Whey 
powder 
after 
curing 

Whey 
powder 
before 
curing 

HALS 

1 4,07 3,88 5,95 5,21 6,97 4,45 
2 4,32 5,55 6,64 5,00 7,89 4,06 
3 4,09 4,26 6,38 5,54 7,37 3,89 
4 4,37 4,57 6,38 5,39 7,93 3,94 
5 4,25 5,77 4,31 4,96 7,61 3,93 

 
Colour difference ΔE β-lactoglobulin and Amylose 
 

 Re
fer
en
ce 

Am
ylo
se 

blact
oglob
ulin 

Amylo
se after 
UV 

blactog
lobulin 
after 
UV 

Referenc
e washed 

Amylo
se 
washe
d 

blact
oglo
bulin 
wash
ed 

Amylo
se after 
UV 
washed 

blact
oglob
ulin 
after 
UV 
wash
ed 

 10,
87 

9,5
6 

11,03 10,13 10,11 6,99 7,26 9,01 6,98 7,62 

 10,
62 

9,1
8 

10,04 9,53 9,74 6,94 5,74 8,13 7,04 7,32 

 10,
26 

8,7
9 

11,37 10,05 9,79 6,79 6,73 7,75 6,43 7,56 

Ave
rage 

10,
58 

9,1
8 

10,81 9,90 9,88 6,91 6,58 8,30 6,82 7,50 

  



Appendix V 
Sample explanation 
 

Sample Coating Curing before 
coating 

Curing after 
coating 

Washed 

A - - - - 

B Wax x - - 

C Wax - x - 

D Whey powder x - - 

E Whey powder - x - 

Aw - - - x 

Bw Wax x - x 

Cw Wax - x x 

Dw Whey powder x - x 

Ew Whey powder - x x 
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Colour difference ΔE whey powder concentrations 
 

Unwashed 
Concentratio
n 

Sample 
1 

Sample 
2 

Sample 
3 

Sample 
4 

Sample 
5 

Averag
e 

Ref. 10,73 10,54 10,67 10,91 10,55 10,68 
1% 8,23 8,60 8,60 8,00 8,36 8,36 
3% 8,05 9,15 8,98 9,13 7,64 8,59 
5% 9,43 10,57 10,14 10,04 10,03 10,04 

10% 10,62 12,51 13,24 12,26 12,68 12,26 
15% 12,52 12,86 12,10 10,95 12,07 12,10 
20% 11,95 11,55 12,07 11,43 12,07 11,81 

 
Washed 

Concentratio
n 

Sample 
1 

Sample 
2 

Sample 
3 

Sample 
4 

Sample 
5 

Averag
e 

Ref. 6,53 5,48 6,85 6,82 7,32 6,60 
1% 5,71 5,38 4,36 5,57 5,59 5,32 
3% 6,05 5,85 5,96 5,86 5,18 5,78 
5% 6,81 6,58 6,48 6,58 7,21 6,73 

10% 7,36 7,19 7,67 7,40 6,86 7,30 
15% 6,21 5,54 8,18 7,66 8,17 7,15 
20% 7,79 7,72 7,87 7,87 7,49 7,75 

  



Appendix V 
Colour difference ΔE after multiple activation 
 

Unwashed 

 Day 
1 

Day 
2 

Day 
3 

Day 
4 

Day 
5 

Day 
6 

Day 
7 

Day 
8 

Day 
9 

Day 
10 

A1 8,72 7,94 7,50 6,59 6,26 6,24 5,68 3,46 1,95 5,76 

A2 9,10 8,10 7,78 6,47 6,14 6,23 5,96 5,41 5,13 5,39 

A3 9,05 7,97 7,58 6,38 5,91 5,85 5,68 5,16 5,15 5,07 

A4 9,10 8,44 7,57 6,54 6,35 5,95 5,64 5,28 5,20 5,23 

A5 8,49 8,28 7,73 6,43 6,28 6,20 6,02 5,20 5,48 5,29 

B1 9,46 8,64 7,97 6,62 3,87 6,37 5,77 5,49 5,52 5,31 

B2 9,71 9,17 8,21 7,00 6,62 6,35 6,07 5,47 5,42 5,40 

B3 11,04 9,84 9,18 7,95 7,74 7,34 6,96 6,27 6,47 6,32 

B4 11,71 10,98 9,88 8,79 8,36 8,25 7,36 6,64 7,59 6,82 

B5 11,22 10,40 9,70 8,79 8,43 8,28 7,72 4,22 7,05 7,07 
C1 14,02 13,37 13,16 12,23 12,20 12,67 12,02 11,49 11,72 11,55 

C2 13,58 13,07 13,28 12,31 12,20 11,21 11,12 11,10 12,12 11,57 

C3 13,70 13,23 13,01 11,90 11,95 11,79 11,52 10,76 11,84 11,80 

C4 13,72 12,99 13,63 12,42 11,98 12,14 11,60 10,76 11,96 11,15 

C5 12,50 11,75 11,87 10,53 10,82 10,63 10,06 9,65 10,21 10,02 

D1 10,12 9,66 9,74 9,07 8,69 5,27 8,52 8,12 8,17 8,45 

D2 9,83 9,48 9,65 8,81 8,63 8,70 8,46 6,89 8,21 8,02 

D3 9,54 9,28 9,20 8,62 8,61 8,48 8,50 7,82 8,15 8,13 

D4 9,23 8,78 8,73 8,05 7,93 7,77 7,98 7,34 7,36 7,50 

D5 9,35 8,74 8,89 8,17 8,22 7,93 7,96 7,40 7,83 7,59 

E1 13,72 13,23 12,20 10,87 10,14 10,80 11,08 10,26 10,61 11,06 

E2 12,81 12,08 13,05 11,76 11,59 10,84 10,54 10,13 10,24 10,20 

E3 12,50 11,39 11,56 10,25 10,07 9,70 9,80 6,69 9,52 10,21 

E4 12,05 11,34 11,54 10,97 10,62 7,03 7,28 10,07 9,81 10,23 

E5 12,76 11,93 12,53 10,70 11,24 10,68 10,55 10,32 10,28 10,41 

HALS 
1 

9,58 9,02 8,79 7,99 7,92      

HALS 
2 

9,04 9,00 8,75 7,73 7,59      

HALS 
3 

9,23 9,11 8,72 7,76 7,35      

HALS 
4 

9,49 8,91 8,51 7,99 7,81      

HALS 
5 

9,19 8,38 8,27 7,47 7,31      

*Red marked data excluded due to computer fault 
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Washed 

 Day 
1 

Day 
2 

Day 
3 

Day 
4 

Day 
5 

Day 
6 

Day 
7 

Day 
8 

Day 
9 

Day 
10 

A1 5,05 5,00 5,36 4,72 4,72 4,60 3,30 4,41 4,59 4,58 

A2 5,02 5,02 5,33 4,79 4,76 4,87 4,95 4,47 4,64 4,64 

A3 5,10 5,10 5,37 4,78 4,88 4,59 4,80 4,31 4,35 4,52 

A4 5,01 5,18 5,26 4,81 4,65 4,70 4,56 3,90 4,61 4,47 

A5 4,95 5,00 4,85 4,60 4,54 4,68 3,19 4,32 4,47 4,54 

B1 6,41 6,34 6,44 5,88 6,09 5,97 5,99 5,42 5,68 5,91 

B2 6,28 5,95 6,32 5,60 5,91 5,51 5,82 5,44 5,82 5,90 

B3 6,35 5,78 6,05 5,54 5,75 5,58 5,58 5,00 5,31 5,27 

B4 5,43 5,32 5,50 5,00 4,93 4,70 4,95 4,59 4,77 4,84 

B5 5,47 5,23 5,26 4,83 4,79 4,63 4,56 4,34 4,82 4,70 

C1 6,26 6,24 6,17 5,35 5,89 5,36 5,96 5,48 5,57 5,74 

C2 6,00 6,42 6,10 5,46 5,78 5,48 5,59 5,39 5,38 5,52 

C3 6,16 5,96 6,70 5,31 5,33 5,52 5,88 5,29 5,57 5,89 

C4 5,96 6,05 6,14 5,58 5,96 5,80 5,77 5,49 5,54 5,92 

C5 6,30 6,64 6,90 6,57 5,71 5,78 4,80 6,95 5,51 6,37 

D1 5,14 4,96 5,13 4,60 4,53 4,79 4,89 4,70 4,57 4,81 

D2 5,98 5,96 5,83 5,47 5,62 5,81 5,66 5,47 5,40 5,76 

D3 5,22 4,91 5,10 4,73 3,17 4,83 4,92 4,38 4,83 4,91 

D4 5,68 5,63 5,61 5,26 5,31 5,11 5,12 4,81 5,13 5,24 

D5 6,25 6,15 5,98 5,57 5,86 5,99 5,96 5,62 5,53 5,77 

E1 8,30 7,81 7,98 7,25 5,30 7,43 7,88 7,63 7,23 7,44 

E2 7,99 8,71 8,20 6,56 7,75 8,19 8,47 7,57 7,58 7,13 

E3 8,45 8,16 8,34 7,27 7,76 7,27 7,96 7,15 5,12 7,44 

E4 7,96 7,95 8,05 8,01 6,95 7,94 7,99 7,10 7,45 7,50 

E5 8,49 8,02 8,46 7,47 7,53 7,47 8,04 5,42 7,48 7,54 

HALS 
1 

4,54 4,86 5,41 5,24 5,54      

HALS 
2 

4,33 4,69 5,09 5,25 5,37      

HALS 
3 

4,06 4,52 5,19 5,42 5,35      

HALS 
4 

4,14 4,51 5,18 5,36 5,33      

HALS 
5 

4,14 4,54 5,38 5,57 5,43      

*Red marked data excluded due to computer fault  
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Colour difference ΔE yellowing 
 
D1	 0,08	
D2	 0,22	
D3	 0,29	
D4	 0,48	
D5	 0,17	
D1w	 0,21	
D2w	 0,39	
D3w	 0,10	
D4w	 0,35	
D5w	 0,28	
E1	 0,12	
E2	 0,08	
E3	 0,15	
E4	 0,08	
E5	 0,18	
E1w	 0,12	
E2w	 0,27	
E3w	 0,18	
E4w	 0,16	
E5w	 0,18	

 
Average 
Whey	powder	after	curing	unwashed	 0,25	
Whey	powder	after	curing	washed	 0,27	
Whey	powder	before	curing	unwashed	 0,12	
Whey	powder		before	curing	washed	 0,18	

  



Appendix VII 
 
Surface characterisation 

Whey	powder	
Sample	 Weight	(g)	 Weight	WP	 Weight	wash	 Condi.	

1	 1,53	 1,67	 1,49	 1,51	
2	 1,56	 1,71	 1,51	 1,55	
3	 1,55	 1,66	 1,51	 1,56	
4	 1,55	 1,67	 1,53	 1,57	
5	 1,54	 1,66	 1,49	 1,55	

Average	 1,55	 1,67	 	 1,55	
STD	 0,011401754	 0,020736441	 	 0,022803509	

Wax	
Sample	 Weight	(g)	 Weight	Wax	 Weight	wash	 Condi.	

1	 1,54	 1,59	 1,54	 1,54	
2	 1,53	 1,58	 1,55	 1,53	
3	 1,55	 1,59	 1,56	 1,57	
4	 1,54	 1,59	 1,57	 1,57	
5	 1,55	 1,6	 1,58	 1,6	

Average	 1,54	 1,59	 	 1,56	
STD	 0,0083666	 0,007071068	 	 0,027748874	

Reference	
Sample	 Weight	(g)	 n	 Weight	wash	 Condi.	

1	 1,54	 	 1,51	 1,5	
2	 1,55	 	 1,52	 1,51	
3	 1,53	 	 1,51	 1,5	
4	 1,54	 	 1,51	 1,48	
5	 1,53	 	 1,5	 1,47	

Average	 1,54	 	 1,51	 1,49	
STD	 0,0083666	 	 0,007071068	 0,016431677	

	    
   



 
 
Appendix VIII 
 
FTIR 
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Appendix IX 
Contact angle 
Reference	 	   

Statistics	 Time	[s]	 CA	left	[°]	 CA	right	[°]	 CA	mean	[°]	
Mean	 4,04	 35,82	 36,11	 35,97	
Std	deviation	 0,59	 8,53	 9,96	 9,22	
Min	 3,08	 21,25	 20,4	 20,83	
Max	 5	 54,46	 58,69	 56,58	

  
Reference	washed	 	   

Statistics	 Time	[s]	 CA	left	[°]	 CA	right	[°]	 CA	mean	[°]	
Mean	 3,79	 40,31	 29,61	 34,96	
Std	deviation	 0,44	 12,77	 10,86	 11,79	
Min	 3,08	 23,01	 11,6	 17,3	
Max	 4,5	 64,57	 48,34	 56,45	

  
Wax	after	curing	 	   

Statistics	 Time	[s]	 CA	left	[°]	 CA	right	[°]	 CA	mean	[°]	
Mean	 7,66	 146,13	 146,13	 146,13	
Std	deviation	 1,38	 1,13	 1,13	 1,13	
Min	 5,33	 141,64	 141,64	 141,64	
Max	 10	 151,56	 151,56	 151,56	

  
Wax	after	curing	washed	 	  

Statistics	 Time	[s]	 CA	left	[°]	 CA	right	[°]	 CA	mean	[°]	

Mean	 7,5	 146,44	 140,74	 143,59	
Std	deviation	 1,43	 1,73	 1,48	 1,58	
Min	 5,08	 136,94	 134,28	 135,61	
Max	 9,91	 154,11	 147,42	 150,76	

  
Wax	before	curing	 	   

Statistics	 Time	[s]	 CA	left	[°]	 CA	right	[°]	 CA	mean	[°]	
Mean	 7,54	 133,72	 133,3	 133,51	
Std	deviation	 1,45	 1,13	 1,32	 1,2	
Min	 5,08	 130,1	 127,72	 128,91	
Max	 10	 138,51	 140,28	 139,39	

  
Wax	before	curing	washed	 	  

Statistics	 Time	[s]	 CA	left	[°]	 CA	right	[°]	 CA	mean	[°]	
Mean	 7,71	 139,6	 139,63	 139,62	
Std	deviation	 1,26	 0,89	 0,19	 0,49	
Min	 5,58	 133,55	 139,16	 136,35	
Max	 9,83	 140,48	 140,64	 140,56	

  
  



Appendix IX 
Whey	powder	 	   

Statistics	 Time	
[s]	

CA	left	[°]	 CA	right	
[°]	

CA	mean	
[°]	

Mean	 3,79	 33,55	 33,92	 33,73	
Std	deviation	 0,35	 10,35	 13,38	 11,84	
Min	 3,25	 20,85	 19,56	 20,2	
Max	 4,33	 53,45	 58,5	 55,98	

 
Whey	powder	washed	 	  

Statistics	 Time	
[s]	

CA	left	[°]	 CA	right	
[°]	

CA	mean	
[°]	

Mean	 3,29	 40,99	 43	 42	

Std	deviation	 0,2	 8,1	 8,36	 8,23	

Min	 3	 29,55	 31,11	 30,33	

Max	 3,58	 52,93	 54,59	 53,76	

 
Whey	powder	before	curing	 	  

Statistics	 Time	
[s]	

CA	left	[°]	 CA	right	
[°]	

CA	mean	
[°]	

Mean	 3,46	 34,51	 33,25	 33,88	
Std	deviation	 0,44	 16,44	 15,57	 15,97	
Min	 2,75	 11,61	 8,01	 9,81	
Max	 4,16	 67,62	 65,24	 66,43	

 
Whey	powder	before	curing	washed	 	

Statistics	 Time	
[s]	

CA	left	
[°]	

CA	right	[°]	 CA	mean	
[°]	

Mean	 3,42	 40,62	 35,9	 38,26	

Std	deviation	 0,28	 16,22	 16,48	 16,26	

Min	 3	 17,8	 17,29	 17,55	

Max	 3,83	 70,35	 70,28	 70,32	

 
Wax front and back 
	 CA	

mean	
[°]	1	

CA	
mean	
[°]	2	

CA	
mean	
[°]	3	

CA	
mean	
[°]	4	

CA	
mean	
[°]	5	

Average	 STD	

Wax	
front	

134,28	 151,95	 150,94	 146,07	 148,53	 146,354	 7,122915836	

Wax	
back	

154,66	 135,86	 144,51	 142,85	 146,96	 144,968	 6,810915504	

  



Appendix XI 
 

Values Pair Treatment 

1 A Reference 
2 B Wax after curing 
3 C Wax before curing 
4 D Whey powder after 

curing 
5 E Whey powder before 

curing 
6 HALS HALS 
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Appendix XII 
WPac Whey powder after curing 
WPbc Whey powder before curing 
WPacW Whey powder after curing washed 
WPbcW Whey poder before curing washed 
BLac b-lactoglobulin after curing 
BLbc b-lactoglobulin before curing 
BLacW b-lactoglobulin after curing washed 
BLbcW b-lactoglobulin before curing washed 
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Appendix XIII 
ANNOVA whey powder concentrations  
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Appendix XIII 

 
 
 
 
 
 
  



Appendix XIV 
One way ANNOVA for single activation unwashed samples

 
 
One way ANNOVA for single activation washed samples 
 

  



Appendix XV 
One way ANNOVA for multiple activations unwashed 
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Appendix XV 
One way ANNOVA for multiple activations washed 
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