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ABSTRACT 

Nowadays the general public is constantly exposed to sunlight and thus to UV radiation. 

Because UV light is a proven carcinogen and because of the rapid ozone layer depletion in the 

recent past it is more crucial than ever to monitor the amount of personal exposure and to be 

aware of the risks the irradiation poses when safe dose is surpassed. This paper deals with the 

development and simplification of personal UV dosimeters for wider use so that a non-

professional can read and assess the amount of risk posed by extended UV exposure. 

 

ABSTRAKT 

V dnešní době je veřejnost konstantně vystavená slunečímu světlu a tím také UV záření. Protože 

UV radiace je prokázaným karcinogenem a kvůli rapidnímu zmenšování ozonové vrstvy v 

nedávné minulosti, monitorování osobního vystavení UV záření, a povědomí o riskantnosti 

ozáření vyššího než je bezpečná dávka, je důležitější než kdykoliv předtím. Tato práce je 

zaměřená na vývoj a zjednodušení osobní UV dozimetrie pro použití veřejností tak, aby každý 

uměl vyhodnotit riskantnost delšího vystavení UV radiaci. 
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1 INTRODUCTION 
 

As UV radiation is a proven human carcinogen (extended exposure poses a number of other 

risks as well), and people are constantly exposed to some higher or lower dose, a means to 

quantify the exposure and keep track of what is and isn't safe has long since become a necessity. 

A UV dosimeter is a compact device that measures the amount of UV radiation exposure. 

Nowadays, dosimetry is a field which has had some attention, but there's still plenty of places 

to go. Currently available are multiple options; chemical, biological or electronic dosimeters 

can be used, each with their own set of advantages and disadvantages. The aim of this 

assignment is to introduce an inexpensive chemical dosimeter for use of the wide public. Unlike 

polysulfone patches, this take on the UV dosimeter doesn't saturate as quickly and provides 

direction for the total safe sunlight exposure thanks to its quick signalling. Because this device 

is developed for non-professional use and evaluation, it also needs to be easy to work with and 

to understand. The idea is for the dosimeter to work as an indicator of whether or not it is safe 

to stay in the sun at any given moment, therefore a quick, real-time response and evaluation is 

necessary. 

It is important to consider individual needs of different skin types, so the issue of different 

melanin amount present in different skin types is also addressed: the dosimeter calibrated for a 

certain standardised amount of UV irradiation will be developed and eventually introduced into 

the market. Guidelines for each skin type will be provided. 

We would also like to acknowledge support from project TAČR 03010548. The project 

agreement requires that we only include symbolic names for some of the key components 

instead of revealing the actual chemical formulas. 
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2 FUNDAMENTALS 

2.1 Solar radiation 

Solar radiation is the sum of electromagnetic energy emitted from the sun. Depending on its 

wavelength and frequency, it can have various properties, and is divided into three big 

subcategories: infrared light, visible light and ultraviolet light. 

Because UV radiation can be harmful to living systems as well as inanimate objects, but is 

invisible and thus impossible to quantify with the naked eye, it's important to introduce a device 

which will help eliminate this problem and introduce a means of real-time cumulative 

quantification. 

2.1.1 UV radiation 

Ultra violet radiation is a form of electromagnetic radiation present in sunlight and manmade 

sources. Its wavelength range of 10 nm to about 400 nm is just shorter than the wavelength of 

visible light, but longer than soft x-ray radiation. It is important to distinguish between the types 

of UV radiation, as they have different properties and pose different kinds of risk to every 

UV-sensitive object. There are three main kinds of UVR, named UV-a, UV-b and UV-c, with 

wavelengths of 315–400 nm, 280–315 nm and 100–280 nm respectively1. [1] 

Unlike UV-a, which is the only form of UVR that is not significantly absorbed by the 

atmosphere because of its longer wavelength, UV-b is mostly (97–99 %) absorbed, but with the 

ozone layer having decreased significantly since mid-20th century, the danger that the UV-b 

radiation poses increases. UV-c radiation is still almost completely absorbed by the atmosphere, 

so it is not entirely consequential for the purpose of outdoor personal dosimeters on Earth. 

                                                 
1 Beyond 100 nm is the EUV wavelength zone, meaning extreme ultraviolet, with a wavelength 

of 10–121 nm, however it is (almost) completely absorbed by atmosphere. 

Figure 1 Picture illustrating how different kinds of UV radiation are blocked by atmospherical ozone 

at various altitudes [1] 
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2.1.2 Visible light 

Visible light is the part of electromagnetic radiation spectrum, which is visible to the naked 

human eye. It roughly corresponds to the 380–780 nm, equal to the 410 THz through 789 THz 

range. The relationship between wavelength (λ) and frequency (ν) of light through the speed 

of light (constant at c0 = 2,9979 ∙ 10
8
 m∙s−1) is illustrated in Equation (1). [2] 

 ν = 
c0

λ
, (1) 

Human eyesight is complex enough to be able to distinguish certain wavelength ranges of 

visible light in the form of colours. The same is not true for UV radiation, however, which is 

why it is necessary to find a means of visual conversion between UV radiation and visible light 

in the form of a dosimeter, using the colour scale as seen below on Figure 2. 

2.2 UV dosimeter as a necessity 

Because UV radiation poses a number of dangers to human body and all other UV sensitive 

objects, it is important to be aware of how much relative exposure is safe, and how much 

exposure the object in question is getting. Personal dosimetry isn't the only kind of UV 

dosimetry necessary; nowadays, there's a number of other uses which call for measuring doses 

of sunlight a photo-reactant substance was exposed to, in day-to-day personal life and 

commercial sphere side by side: examples include preservation of sites such as fine art or 

outdoor paintings, creation of durable and self-cleaning paints and coatings and keeping 

construction materials in top shape.  

2.2.1 UV radiation and its effects on the human body 

There is currently no widespread use of personal UV exposure monitoring, or even 

year-long daily use of SPF sunscreens or other protection routine used by general public and as 

everyone is constantly exposed to some natural or artificial form of UV radiation (UVR), this 

reality is far from the ideal state of affairs. 

Two major issues arise in protection of the general public against UVR: 

1. Misinformation or lack of relevant information on the topic, 

2. Exposure tracking difficulties due to invisibility of UVR. 

The misinformation constitutes downright oxymorons like "healthy tan" and myths such as 

that "dark skin/tans provide natural protection against UV". While this is partially true and 

dermal pigmentation (melanin) does provide some UV protection for the skin, the eye and 

immune system are left vulnerable. Furthermore, tanning of a naturally light skin is the skin 

reacting to the damage that has already been caused and exerting effort to protect itself in the 

near future.  

Figure 2 illustrates the layout of colour composition of visible light. [2] 
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The UVR that isn't filtered out has benefits for human health (e.g. formation of vitamin D, 

important for skeletal development, blood cell formation and immune function), as well as 

harmful effects such as inducing DNA damage, leading to skin or eye cancer, other kinds of 

eye damage (e.g. photoconjunctivitis, pterygium, cataracts), immune system issues and faster 

skin aging (more than 90 % of visible changes are believed to be caused by the sun). [3 – 5] 

2.2.2 Cancer risk 

The most dangerous carcinogenic substances (studied by an affiliate of the World Health 

Organization, The International Agency for Research on Cancer), listed in Group 1, include 

solar UV radiation and tanning devices that produce UVR alongside cigarettes and plutonium. 

One of the forms of UV-induced cancer is malignant melanoma. It is developed in cells 

containing pigment – melanocytes, usually occurring in the skin, sometimes in intestines, mouth 

or eyes. [6 – 9]  

Absorption of UV-b light by skin cells causes direct cyclobutane pyrimidine dimers to form, 

as illustrated above, Figure 3. This causes the formation of thymine-thymine, cytosine-cytosine 

or cytosine-thymine dimers by two adjacent bases within a DNA strand and is a form of direct 

DNA damage. When two adjacent pyrimidine bases bind into a dimer, a lesion is formed and 

the double-strand DNA structure is destroyed in the surrounding area. [10 – 11] 

The same DNA damage skin suffers from UV-b exposure can be attributed to UV-a but 

much bigger doses are needed. While the UVR is a major over-time contributor to 

the development of melanoma, the occasional extreme sun exposure resulting in sunburn of 

otherwise pale skin is also causally related, as one's risk for melanoma is increased by 50 % if 

they've had 5+ sunburns during lifetime and by 80 % if these were suffered in youth. With 

melanoma increasing by 2 % per year on average in the time period between 1973 and 2009 in 

Figure 3 illustrates cyclobutane pyrimidine dimers formation: thymine-thymine dimers (1.), thymine-

cytosine (2.) dimers, and cytosine-cytosine dimers (3.) formation is analogous. 
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children and adolescents and about 90 % of non-melanoma and 86 % of melanoma skin cancers 

being associated to UVR exposure from the sun, a change is needed. [12 – 16] 

2.2.3 Eye damage 

The eye is the only organ system that allows the penetration of light and with it the harmful 

UV-a and UV-b deep into human body. The defence mechanisms acquired via evolution include 

the eye's position, set well back in the head anatomy and shielded by the brow ridge, the 

eyebrows and the eyelashes; the squinting reflex and lastly, the pupil constriction. However, 

these mechanisms are triggered by visible light and as opposed to UVR – cloudy days or 

wearing sunglasses without the due protection factors bypass them, causing a number of issues, 

and in extreme conditions such as strong light reflection from sand, water or snow they may be 

insufficient. 

Apart from eye cancer, which is the obvious eye damage caused by the sun, different forms 

of which include melanoma discussed above, the risks include pterygium (a common cosmetic 

problem linked to prolonged UV exposure), photokeratitis and photoconjunctivis, which are 

inflammatory reactions on cornea and conjunctiva respectively, comparable to sunburn on the 

sensitive eye tissues and eyelids. A so called snow blindness is an extreme form of 

photokeratitis and occurs in skiers and climbers due to extreme UV exposure in high altitudes 

and snow reflections. These conditions are usually reversible, but snow blindness sometimes 

leads to chronic problems. 

Perhaps the most severe eye problem caused or enhanced by UVR exposure excluding 

cancer pose cataracts, which is a condition where the pigments accumulated in the lens cloud 

vision and eventually lead to blindness. Cataracts are the leading cause of blindness and it is 

estimated that up to one fifth of the cases are caused by overexposure to UVR. [17] 

2.2.4 Immune system damage 

The UVR caused immunomodulation includes both local and distant effects elsewhere in the 

organism. It is estimated that UVR might potentially decrease the effectiveness of cancer 

treatment and vaccinations (especially in the developing countries) by suppressing the immune 

system. [18] 
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2.3 Mechanism 

2.3.1 Composition 

The film (normally printed on a polymer foil) that constitutes the optical sensor contains 

ingredients responsible for its form and printability (trade secret protected calibration agents A, 

B, C, and polymer solution A) and those responsible for change in (optical) properties of the 

ink – the colour change. These are the redox dye, sacrificial electron donor compound and 

photocatalyst, TiO2 was used in this case. 

2.3.1.1 Titanium dioxide 

Titanium dioxide, also known as titania, chemical formula TiO2, is a very versatile, naturally 

occurring white pigment and semi-conductor. It has a variety of uses: in addition to being used 

as a pigment in a variety of products from food colouring to paints, as a superhydrophilic agent 

and go-to photocatalyst in self-cleaning surfaces, and potential usage as a catalyst in hydrogen 

production, and as an electrochromatic agent in colour-changing surfaces, which are areas 

currently being studied, it has a number of more uses linked to UV radiation. It has potential 

for use as a photovoltaic agent in solar cells, and as a photocatalytic agent in treatment of water 

and degradation of pollutants, thanks to its ability to form so called reactive oxygen species 

when exposed to UV radiation, and in the form of nanoparticles in UV protection coatings (from 

paint and construction industry coatings to sunscreen) as a light scattering and absorbing agent, 

owing to its refractive index. [19] 

There are three main structural forms of titania (anatase, rutile and brookite), of which 

brookite (most stable in sizes 11 nm < d < 35 nm) isn't normally significantly sought after for 

its photoactive properties, possibly because of difficulty of its straightforward procurement 

relative to other phases. While rutile (d > 35 nm) has a better ability to absorb light, anatase 

(the most abundant titania polymorph, d < 11 nm) exhibits a lower conduction band (smaller 

band gap), and an indirect band gap alongside its bigger direct band gap, higher redox potential 

and the ability to retain charge carrier life for longer than in rutile, as photoconductivity 

measurements suggest. It is suggested that for very thin films (< 2 nm), the activity of rutile and 

anatase is comparable, while the long h+e− lifetime of anatase ensures its better suitability for 

Figure 4 Structures of titania polymorphs: anatase, rutile and brookite, left to right respectively. 0 

  Anatase                            Rutile                       Brookite 
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photocatalysis in thicker films. Its usage in photocatalytic products has been abundant, owing 

to its ability to absorb UV radiation exclusively owing to its band gap of Ebg = 3.2 eV 

corresponding to a wavelength of λ ≡ 388 nm It is proposed, that at 10 nm thickness, the 

photocatalytic activity of anatase titania is saturated. However, because both anatase and rutile 

have different properties, mixtures of anatase and rutile form of titania are often used. 

[19 – 24] 

2.3.1.2 Amaranth 

Also known as Acid Red 27 and Azorubin S, amaranth is a dark red anionic dye used as food 

additive, or applied to various materials form resins to leather and paper. It is usually distributed 

as a sodium salt, and is usually made from byproducts of petroleum. 

Similarly to other aryl azo dyes, AM also has a very vivid colour, owing to π-delocalization 

of electrons. Amaranth is readily soluble in water, and its UV degradation from deep magenta 

to pale yellow is very readily visible and easily discernible. It adsorbs onto TiO2 particles using 

its sulphonated group (ortho-position relative to the OH group), and is completely degraded 

into CO2, SO4
2−

 and gaseous N2 via full photocatalytic oxidation. This, as well as the fact that 

its degradation by direct photolysis or in the absence of light is negligible, is the reason why it 

makes a very suitable UV dosimeter colouring. [25] 

 

Figure 5 Chemical formula of azo form of Acid Red 27 (amaranth) dye. 

2.3.2 Newtonian model 

A Newtonian fluid is a fluid in which its properties (resistance of the material during flow) 

demonstrate ideal viscous flow, its flow curve being a straight line. As per Equation (2), shear 

stress (τ) has a linear relationship with shear rate (γ), where dynamic viscosity (η) is a constant 

describing properties of the examined Newtonian liquid. [26] 

 τ = ηγ, (2) 

This mathematical model is the simplest one used for determining fluid viscosity, and few 

real fluids can be so described without over-simplification. Fluids which don't fit the Newtonian 
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model by far are more common (examples include blood and many polymer solutions) – in 

these, the relationship between shear rate and stress is nonlinear, sometimes even time-

dependent, as a result of chemical bonds and physical interactions. 

Viscosity of a rheopexic fluid increases with time and application of shearing force, 

thickening when stirred. This is a rare property in non-Newtonian fluids (examples include 

synovial fluid and printer inks), more common by far is thixotropy – losing viscosity with 

undergoing shear. Printer inks are non-Newtonian fluids and their properties change with time 

– and photoactive inks are no different. It is therefore important to ensure very consistent 

behaviour during ink preparation. [26] 

2.3.3 Photocatalysis 

Specificity of photocatalysis lies in the nature of catalyst activation: a photocatalyst is activated 

by photons with energy sufficient for the electron to be transported from the valence band over 

the band gap and into the conduction band of a semiconductor (TiO2), whereas in general 

heterogenous photocatalysis the activation is usually done by heat as opposed to light. The 

result of such electron transport is creation of charge carriers – electron-hole pair (h
+e−) within 

the activated semiconductor. 

Heterogenous photocatalysis (among other reactions) is a type of photochemical redox 

reaction, where the result is dye degradation via total mineralization of the organic compound. 

Firstly, reactants (charge carriers) in the liquid phase must be transported towards the surface 

of the catalyst, where they adsorb onto said surface. Photons from UVR are adsorbed by the 

photocatalyst, enough energy is donated to the electrons in the valence band of the photocatalyst 

(which is also a semiconductor) and the electron from valence band is transported over the band 

gap into conduction band – creating an electron-hole pair which then dissociates to create 

electrons carrying negative charge and positively charged holes. Lastly, ion-adsorption or 

radical creation takes place after which the product desorbs and is transported to the liquid 

phase, see Figure 6. [27 – 28] 

Figure 6 Electron band gap transcendence mechanism in semiconductors scheme [27] 
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2.3.4 Dye degradation mechanism 

Azo dyes make up most of the redox dyes and they by definition contain two double bonded 

nitrogen atoms – the azo group. It is the moiety responsible for the colouring properties of the 

organic dye. In terms of degradation, the dye can be oxidised by an OH∙ radical (created in 

reaction of water and a positively charged hole in the valence band in the presence of a 

photocatalyst) or a positively charged hole in the valence band an activated semiconductor, or 

reduced by an electron in the conduction band of said semiconductor. The result of a full 

UV/TiO2 amaranth degradation are mineral degradation products. [28] 

Equations (3–5), with D standing for dye, show possible mechanisms of azo dye degradation. 

In case of a redox reaction, the dye can be degraded by charge carriers (reduced by positive 

holes h+ in valence band or oxidised by negative electrons e− in conduction band of the 

photocatalyst), or oxidised by consecutive OH ∙ radical attacks created alongside with reactive 

oxygen species by excitation of the photocatalyst present – in case of personal UV dosimetry, 

titania is a suitable candidate. [28] 

2.3.5 Contact angle 

Nonporous printing substrates, polymer films included, can have fairly high surface tension 

energy which may compromise successful printing of matrices evenly onto their surface. 

Depending upon the relative concentration of hydrophobic and hydrophilic particles, the 

contact angle of untreated polymer surfaces with water usually ranges between 60° and 90°. 

To lower the contact angle and increase wettability of polymer film, air plasma or corona 

discharge treatment can be used to treat their surface, thus improving the outcome of printing, 

coating, or the application of adhesives on polymer foils. Aside from this, its advantages include 

speed and low cost of treatment. [29] 

2.3.6 Q-SUN weathering chamber 

To simulate UV exposure, sample strip s may be irradiated in the weathering Q-SUN test 

chamber after preparation. The weathering chamber is able to quite accurately simulate both 

indoor and outdoor sunlight exposure effect. The overall indoor intensity of UVR is 

considerably smaller than the outside intensity, or dose over the same time span would be, 

because window glass filters most of the UV radiation out. Therefore, the indoor setting would 

be relevant for example for conserving indoor art or determining the lifespan of in-house paint, 

but it is the outdoor sunlight simulation is that is of interest for the purpose of personal 

dosimetry. 

The intensity of the simulator can be adjusted for a certain wavelength to copy the desired 

sunlight intensity for every given latitude. For our latitude, the intensity of the direct noon 

sunlight value is 0.47 W∙m-2 for the wavelength of 340 nm. The temperature in the chamber 

 D + e−
photocatalyst
→       Dred, (3) 

 D + h+
photocatalyst
→       Dox, (4) 

 D + OH∙
photocatalyst
→       Ddeg. (5) 
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was set for 50 °C, and the samples were irradiated for intervals of ½ SED (short for Standard 

Erythema Dose, see below).  

2.3.7 SED: Standard Erythemal Dose 

Standard Erythemal Dose (SED for short) is a standardised unit, equivalent to 100 J m–2 of 

radiation between 280–400 nm, and used to quantify the ability of a UV radiation source to 

produce superficial skin reddening, erythema, a characteristic used most widely in dermatology. 

Erythema is usually a result of UVR (or other) damage to the skin. 

Of course, there are several skin types (their overview is presented in Table 1 below), 

distinguished by amount of melanin present. This is the factor that determines how easy it is 

for a person to tan and how easy it is for them to get sunburnt (develop an erythema) – and if 

they do (under normal conditions) at all. A good portion of Caucasians belong to either the 

second or the third skin type group and most of the others are in the first group. [30 – 31] 

Table 1 Skin types, their characteristics and safe UV dose measured in standard erythremal doses 

Skin type 

classes 

Skin 

phototype 

Unexposed skin 

colour 
Tan Sunburn 

Safe UV 

dose [SED] 

Melano-

compromised 

I Ivory white never always 

1–3 
II White 

with 

difficulty 
usually 

Melano-

competent 

III White average 
sometimes, 

mild 3–7 

IV Lightly tanned with ease rarely 

Melano-

protected 

V 
Moderate brown / 

tanned 
profusely – 

7 → 12 

VI 
Dark brown / 

black 
profusely – 

Because of this, only one type of dosimeter, however well calibrated, wouldn't be usable for 

everyone. The aim of this thesis is to determine and develop the best composition while keeping 

the dosimeters safely usable for each skin type.  
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2.3.8 MED: Minimal Erythemal Dose 

As opposed to SED, the lowest UVR dose that produces erythema in an individual is called 

Minimal Erythemal Dose within a few hours after testing (exposure). In the MED testing 

(Figure 7 MED testing), the skin is exposed to UVR in predetermined doses and checked for 

erythema 24 hours later. MED varies among skin types and among individual people: in an 

investigation of melanogenesis and the photoprotection it offers, the ratio of skin type V vs. 

skin type I and II was 2.29. [31] 

Figure 7 MED testing being conducted using a Daavlin patch on subject's forearm, one sticker is 

removed to enable UV exposure. [32] 

2.3.9 SPF: Sun Protection Factor 

Sunscreen SPF is the ratio of the least amount of UVR required to produce a minimal erythema 

in protected skin (how long it takes for protected skin to sunburn) compared to the amount of 

UVR necessary to produce the same erythema in unprotected skin. However, it would be wrong 

to suggest that the consumer should prolong their UVR exposure according to the sunscreen 

SPF label because there is a good amount of evidence suggesting that the consumer doesn't 

achieve the indicated SPF value because inadequate amounts of sunscreen are applied, thus 

leading to SPF appearing as a risk factor for erythema (and melanoma). [33] 
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2.4 State of the art 

There are a few basic kinds of UV dosimeters: biological, chemical and electronic dosimeters. 

2.4.1 Electronic dosimeters 

Electronic dosimeters are usually worn as a badge or instead of a wristwatch, often housing a 

digital watch. The sensor is a photodiode sensor, generally Silicon, Silicon-Carbide, Gallium-

Nitride, Gallium-Arsenide and Germanium photodiode sensors because of the desirable band-

gap width. In the past, silicon carbide photodiode, AlGaN or ZnMgO photodiode sensors were 

used. An amplifier is required to convert the relatively small photodiode current (< 10 nA) into 

a measurable voltage, which is then sampled by a microcontroller at desired intervals and stored 

in memory. These digital dosimeters are usually made for collection of data to be later analysed. 

[34] 

2.4.2 Biological dosimeters 

Biological dosimeters usually contain immobilised spore DNA of a certain microorganism, set 

in a protective casing. For UV exposure analysis, these spores are placed on a growth medium 

after exposure. They're incubated and then quantified, usually by densiometry. Alternatively, 

biological activity (protein synthesis) of the cultivated bacteria can be evaluated to calculate the 

UV exposure. 

Sometimes bacterial cells are used, and the most commonly used bacteria for biological 

dosimetry are Escherichia Coli and Bacillus subtilis. There is also potential for biomolecules 

such as Vitamin D (in vitro synthesis rate), DNA or bases (uracil), viruses (T7 bacteriophage), 

protists (Euglena) and even some mammalian cells (Chinese hamster ovary cells). However, 

only the bacterial and biofilm dosimeters are suitable for use for personal dosimetry. The 

downside to biological dosimeters is that there may potentially be sensitive to other factors than 

just UV and that they generally need to be interpreted in a laboratory. [35] 

2.4.3 Chemical dosimeters 

The advantages of chemical (and biological) dosimeters over the electrical ones are their even 

more compact dimensions, the simplicity of exposure and response evaluation, the need of no 

external power source and good usability in remote areas. They are also generally stable 

regardless of temperature or humidity changes. 

Chemical dosimeters including PVC/THF, polyphenylene oxide (PPO) and polysulfone film 

have been created in the past, however, they have several characteristics that make them 

inconvenient or impossible to use for daily real-time feedback personal dosimetry. They are 

either designed for long term use, or laboratory equipment or chemicals are needed for 

analysing the exposure. 

Another solution pose visual sensors like photosensitive papers and polycarbonate plastic. 

The optical sensors signal the desired dose of UVR exposure by altering their optical properties: 

the change in the polycarbonate plastic has to be induced by KOH, however, the photosensitive 

papers and the dosimeter that is the subject of this assignment both contain photosensitive ink 
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that is printed on a carrier (a paper or a PET foil, respectively) and the optical change constitutes 

a change in colour which is easily readable and reasonably accurate. [36] 

Recent advances in real-time disposable chemical dosimeters include the following: 

2.4.3.1 UV dosimetry for solar water disinfection (SODIS) 

A 2015 article by Lawrie et al. informs about the possibilities of water disinfection in areas 

where clean water is scarce. The effective disinfection of bacteria (E. coli, C. perfringens, 

Enterococcus spp.), viruses, protozoa and fungi relies on an adequate dose of UVR, especially 

UV-b. The article explores different dosimetry techniques including semiconductor 

photocatalyst, polyoxometalate and photodegradable dye mechanisms for solar disinfection use 

in currently used polyethylene terephthalate (PET) bottles and in proposed polyethylene (PE) 

or polyethylene and ethyl vinyl acetate (PE/EVA) bags. 

Table X below contains an overview of dosimetry mechanisms and their compositions, 

investigated for SODIS usage. Each ink was printed on a polypropylene foil, dried and provided 

with a waterproof coating, and subsequently tested under natural conditions, in the sun for the 

11 am to 5 pm timespan, in Cádiz, Spain. 

Table 2 Overview of dosimetry mechanisms investigated for SODIS use and their respective 

compositions. 

Indicator Composition 

SC photocatalyst Dye (methylene blue, dichloroindophenol, acid violet 7, acid blue 9, 

methyl orange), HEC, SC photocatalyst (ZnO, SnO2, Ta2O5), glycerol 

Polyoxometalate Sulphonated polystyrene, ethanol, phosphotungstic acid, glycerol 

Photodegradable 

dye 

Dye (brilliant green, ethyl violet, crystal violet, new methylene blue, 

thioflavin T, light green SF yellowish), polymer solution 

In a semiconductor photocatalyst ink the reduction of the redox dye present is irreversible; 

this dosimetry mechanism is usually used for personal dosimetry and is therefore calibrated for 

UV-a and overly sensitive for SODIS use. However, two promising compositions containing 

acid blue 9 dye were found: acid blue 9 in combination with ZnO and SnO2 photocatalyst, 

suitable for use with PE bags and PET bottles respectively. Titania was found to have a too high 

photoactivity for SODIS use, owing to its comparatively small band gap. 

The metal in polyoxometalate based dosimeters is reduced reversibly, which promises 

repeated use and higher cost-effectiveness. A composition featuring phosphotungstic acid along 

with glycerol in an ink based on ethanol and sulphonated polystyrene was found to be suitable 

for use with PE bags, not so much with the currently more widely used PET bottles, because of 

the comparatively higher UV dosages necessary associated with PET bottle usage. 

The third dosimeter kind constitutes an UV-induced oxidative degradation of a photoactive 

dye. Brilliant green dye in polymer (PVA) was found suitable for PET bottle usage, while for 

usage in PE bags new methylene blue, brilliant green in polyvidone and thioflavin T in HEC, 

and for usage in PE/EVA bags, PVP with all abovementioned dyes with the exception of new 

methylene blue have been found suitable. [37] 
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2.4.3.2 Self-cleaning paint photo activity indicators 

In 2017, Baudys et al. investigate the use of dosimeters for testing the photocatalytic activity of 

self-cleaning paints after exposure to simulated weathering. The dye dosimeter is coupled with 

the photocatalytic paint or other film that is being tested. After excitation of the base 

photocatalyst, sacrificial electron donor is oxidised and dye in the dosimeter is degraded 

(reduced). The degradation is irreversible and the colour change is pronounced. 

In this case, resazurin with a blue-to-pink colour transition or acid violet 7 azo dye with a 

colour transition from pink to colourless as well as glycerol, polysorbate 20 surfactant and 

hydroxyethyl cellulose is used. After drying, the dosimeter was exposed to UV-a radiation from 

a BL lamp with irradiance of 2 m∙W∙cm–2 and λmax = 352 nm. After scanning the ink samples 

under assessment, their RGB colour space components were characterized using graphical 

software. For resazurin the red component changed the most, while for AV7 green colour 

component registered the biggest change. Time that it takes for 90% of the colour to be bleached 

was calculated. 

The paints contained TiO2 photocatalyst, non-photocatalytic rutile TiO2 for pigmentation, 

BaSO4, acrylic dispersion and additives (antifoaming, rheological and wetting agent), and two 

other commercial paints containing silicate binders were used as well. 

After application to a glass slide, the sample of paint at 150 μm under assessment and drying 

was weathered for up to 600 hours in a simulation chamber (QUV, Q-Lab, USA). An intensity 

of 1 W∙m–2, 340 nm wavelength and timeframe of 8 hours for UV irradiation, 7 dm3min volume 

and 4 minute intensity of spraying, steam condensation at 70 °C temperature for 4 hours were 

chosen, in their respective order, and afterwards another cycle of water spraying of the same 

intensity was applied. 

Dramatic differences were registered between the photocatalytic activities of in-house paint 

and the silicate-based exterior paint. A conclusion was reached, that resazurin is more suitable 

for testing less photoactive paints, whereas AV7 works well with TiO2 based paints with higher 

photo activity. 

It was calculated, that 1 day of exposure in QUV is corresponding to about 8–12 days of 

outdoor exposure on average, however, the authors concede that taking this comparison at face 

value may be grossly misleading because of UV spectrum variation and other factors. [38] 

Figure 8 shows dye degradation of AV7 dye compositions with (top) and without (bottom) TiO2 catalyst 

component in paint. 0 
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2.4.3.3 UV, O2 and time RBBR dosimeter 

Khankaew et al, 2017, introduced a multifunctional indicator based on Remazol brilliant blue R, 

functioning as a UV, O2 and expiration date sensor for fresh foods. Owing its photoactive 

properties to TiO2 nanoparticles with glycerol working as a sacrificial electron donor, enabling 

the electron-hole pairs to form and photocatalysis to occur, degrading the anthraquinone dye in 

a polymer film. The colour change is blue to transitional green, to a final yellow colour, and the 

dye reduction is ensured by a 2 photon, 2 electron transfer via UV-a irradiation for 4 minutes. 

If the dosimeter is covered with a Sellotape™ film, acting as an O2 barrier, it is possible to 

discard the O2 indicating properties. The composition of the dosimeter films is AQ dye, 

glycerol, 3:1 anatase to rutile mix P 25 TiO2, acidified (HCl) aqueous solution of hydroxyethyl 

cellulose in deionised water. 

The resulting films after having been stirred for 12 h to ensure perfect homogenisation, stir-

coated onto borosilicate substrate and dried, are comparatively thin (3.1 ± 0.3 μm)2. The UV-a 

irradiation was performed using a black-light blue tubes (2 × 8 W 368 nm narrow band, 

irradiance of ca. 1.5 m∙W∙cm−2) lamp, able to move away from or closer to the ink film to adjust 

the UV-a irradiance, which was performed in a gas cell to ensure an oxygen-free environment. 

A layer of an oxygen-barrier tape (e.g. Scotch™ tape, 60 μm thick cellulose layer) can be 

applied to the dosimeter, to be suitable for personal dosimetry. The dosimeter then represents 

a MED value of 1 for skin type II. This dosimeter, however, is reusable and able to recover its 

original colour at ambient conditions after oxygen barrier removal in about 24 hours, which 

suggests its usability in measuring ambient O2 levels.  

                                                 
2 Measured using SEM 

Figure 9 shows time of original colour recovery of a RBBR film after UV activation in ambient air at 

23 °C on the left, and photographs of said film covered with Sellotape on the top right. Dosimeter 

photographs from left to right: a deep blue coloured RBBR film before irradiation, partly degraded dye 

(green colour) after irradiation with an equivalent of 1 MED of UVR, and ink faded to yellow after 

additional irradiation equivalent ½ MED on the far right. [39] 
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The recovery time is dependent upon ambient O2 presence, and is rather slow, which 

suggests its usability as a "Consume within" indicator for fresh and/or refrigerated food that 

should be consumed within a 24 or 48 hour timeframe. It is possible to adjust the recovery time 

by (not) using different oxygen-barrier tapes or their thicknesses. The difference in using and 

not using an oxygen barrier is pronounced: at 23 °C, the dosimeter without O2 barrier turns 

green completely in 5 hours, whereas with the barrier it takes 12 hours; at fridge temperature 

(5 °C), it takes 20 hours for a barrier-less dosimeter to turn green, whereas with oxygen barrier 

the dosimeter takes 42 hours to change colour. [39] 

Figure 10 UV-Vis absorbance-wavelength relationship spectra of the Remazol brilliant blue R from 

blue at λ = 595 nm to yellow at λ = 472 nm depending on the UV irradiation time, recorded every 10 s 

of irradiation. [39] 
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3 AIM OF WORK 

The goal of this assignment is to propose and evaluate the suitability of amaranth dye for use 

in UV radiation personal dosimetry and create a functional dosimeter strip calibrated for the 

UVR dose of 2 SED. This was done by determining the UVR exposure degradation response 

of amaranth within the proposed polymer matrix, and the suitability of chosen composition with 

amaranth and TiO2. The main focus is on real-time response, ease of use and functionality of 

the resulting device. 
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4 EXPERIMENTAL PART  

4.1 Chemicals and facilities 

4.1.1 Chemicals 

TiO2, 35% aqueous disperse, COC, s.r.o. 

Azo dye - amaranth 

Polymer solution A (PS_A) 

Calibration agent A (CA_A) 

Calibration agent A (CA_B) 

Calibration agent A (CA_C) 

Deionized water, FCH BUT  

4.1.2 Facilities 

Electric stirrer ER 10 

Glass balls (d = 2 mm), Merci 

Cabinet dryer Venticell, MBT Medical Technology a.s. 

Weathering test chamber Q-SUN Xe-1-B, Xenon Test Chamber 

Spectrometer Eye-One Pro, Gretag Macbeth 

Laboratory glassware 

Analytical scales SPB 32, Scaltec 

Baker drawing ruler Elcometer 3520/1, Gamin s.r.o. 

Automatic ink applicator TQC, Gamin, s.r.o. 

PET foil Tenolan, Fatra a.s. 

Rotary paper trimmer 

R2R printer SmartCoater SC 17, Coatema, Coating Machinery, GmbH 

Contact angle goniometer Das OCA 20 

4.1.3 Software 

Microsoft Word 2013 

Microsoft Excel 2013 

ACD/Chemsketch 2016.2 

Adobe Photoshop CC 2 

Origin 8 Pro 

Key Wizard, Gretag Macbeth software 

SCA 20  

Origin Pro 8 

 

4.2 Corona treatment 

To prepare the printing substrate, the PET foil used underwent corona treatment using the R2R 

printer, to ensure optimal coating properties. The PET film was treated with 25% corona, then 

left to rest before printing sample compositions, because it was found that the wettability of the 

foil was the most satisfactory on the next day. To this end, the contact angle of the substrate 

film was measured using a contact angle goniometer system OCA 20 with SCA 20 software 

right after the corona treatment was enacted, and then at several later points in time. The printing 

took place on the next day, and the contact angle was determined at 42,2° on average. 
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4.3 Sample preparation 

A nearly saturated amaranth (AM) dye solution was prepared using water and Amaranth 

solution from Sigma Aldrich, resulting in an aqueous amaranth solution with molar 

concentration of 0.9919 M. 

Photoactive ink was prepared using the aforementioned nearly saturated amaranth solution 

mixed with water, in different ratios for each composition; the resulting dye solution was used 

in preparation of the compositions, strictly keeping to a fixed ratio and a fixed succession of 

addition of the components. The ratios are described in Table 3 below, with X in AM_T_100_X 

meaning any composition and each of the numbers meaning each consecutive composition with 

amaranth solutions of different concentration. 

The same method and time frame was employed for every composition. Using analytical 

scales, the components were added and weighed in a 100 ml beaker in a fixed succession of: 

1. Amaranth solution 

2. Water 

3. TiO2 

4. Calibration agent C 

5. Polymer solution A 

6. Calibration agent A 

7. Calibration agent B. 

After adding each component, the mixture was stirred with a glass stirring rod. A fixed 

amount of glass balls of 2 mm diameter was added to ensure perfect homogenisation of the 

mixture which was then stirred by the electric stirrer ER 10 for 10 minutes. After stirring, the 

mixture was immediately (as to avoid undesirable changes in viscosity of the solution) applied 

to the PET foil and stretched out by Beker's drawing ruler to form an ink strip on the foil. It was 

left to air-dry for a few minutes, then put in the dryer for 3 minutes and 100 °C. The thickness 

of the strip depends on which side of the ruler is used, out of 30 μm, 60 μm, 90 μm and 120 μm 

only the 30 μm thickness wasn't used, as it is difficult to achieve an even ink strip even on 

corona-treated substrate and with an automatic ink applicator. This thickness also seems to be 

suboptimal – the thinner the strip is, the more the UVR passes through. 
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Table 3 Amaranth dye composition components and parts/ratios for each individual composition 

Composition TiO2 PS_A CA_A CA_B CA_C 
AM 

solution 

Deionised 

H2O 

AM_T_100_X 100 100 94 15.6 5 42 

AM_T_100_1 100 100 94 15.6 5 2 40 

AM_T_100_2 100 100 94 15.6 5 4 38 

AM_T_100_3 100 100 94 15.6 5 6 36 

AM_T_100_4 100 100 94 15.6 5 8 34 

AM_T_100_5 100 100 94 15.6 5 10 32 

AM_T_100_6 100 100 94 15.6 5 12 30 

AM_T_100_7 100 100 94 15.6 5 14 28 

AM_T_100_8 100 100 94 15.6 5 16 26 

AM_T_100_9 100 100 94 15.6 5 18 24 

AM_T_100_10 100 100 94 15.6 5 22 20 

The best amount of ink to prepare for one time use3 was determined to be between 25 and 

35 g, so the fixed ratio was that 100 parts = 8 g, resulting in about 29 g compositions. 

Beaker containing the ink was weighed on digital scales and glass balls were added until 

they made up half of the resulting volume, so that perfect homogenisation could be ensured. 

The amount of glass balls was determined to be 35 g. After having been stirred for 10 minutes, 

the mixture was sifted through a 4 cm sieve to get rid of the glass balls which were not only no 

longer necessary but would hinder the printing and usability of the resulting ink strip as well.  

                                                 
3 Printing ink was always prepared directly before its application onto the PET foil as to avoid any 

unnecessary errors due to changes in viscosity of the non-Newtonian solution. 
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4.4 Composition printing 

After sifting, the mixture would be transferred onto a coronated PET film, and drawn out by 

the TQC automatic ink applicator using the Beker ruler as seen on Figure 11. The automatic 

ink applicator ensures that the strip is applied to the PET foil evenly and with precision, which 

would be impossible to achieve in case of hand-printing the ink. Because a 30 cm wide foil was 

used, this process was repeated three more times, as four ink strips fit comfortably onto one 

sheet. 

The set of freshly printed strips would then be properly marked and left to air-dry, and 

afterwards dried in the cabinet dryer. After printing and drying the 60 μm, 90 μm and 120 μm 

thicknesses of two different compositions, the foils were cut up using a rotary paper trimmer, 

each ink sample into two strips. One of the two strips was big enough to observe the colour 

change after exposition in a weathering chamber, one was smaller, only big enough to measure 

the colour change with a hand spectrometer. A total of 12 strips, one big and one small for each 

thickness and composition, were then pinned onto a metal board and inserted into the 

weathering chamber. 

Figure 11 Photograph of a printing set-up including the TQC automatic ink applicator, PET foil and Beker 

ruler. 
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4.5 Sample strip Q-SUN irradiation 

After being dried and cut up to appropriate sizes, the ink strips were irradiated in the weathering 

chamber Q-SUN with a xenon arc lamp, which simulates solar radiation. The chamber has two 

possible settings, outdoor and indoor the latter of which is not suitable for this experiment 

so only the former was used. The intensity of the simulator can be adjusted for a certain 

wavelength to copy the desired sunlight intensity. For our latitude, the intensity of the direct 

noon sunlight value is 0.47 W∙m-2 for the wavelength of 340 nm. 

Temperature in the chamber was set for 50 °C and samples were irradiated for ½ SED 

intervals until complete degradation of the dye was proven – usually 4 SED (a total of 64 min) 

of irradiation in Q-SUN is more than sufficient to bleach the film completely to a yellow colour, 

or will have little or no influence because dye is present in excess considering the amount of 

the TiO2 present, or because the ink strip is too thick (usually 120 μm thick strips of 

compositions with higher AM content) and only the top layer is bleached. 

 

Figure 12 Photograph of Q-SUN weathering chamber. 

As mentioned above, each ink strip was cut up to suit specific requirements: the 

longer/bigger strip is used to provide a visible gradient: before irradiation, top, horizontal half 

of the strip was covered to retain the original dye, and after each irradiation cycle of ½ SED 

another small portion of the bottom half was covered to retain each degree of degradation and 

form an illustration of how the resulting dosimeter would work. The shorter/smaller strip was 

used to measure spectral density of the dosimeter after each irradiation cycle. 

For the purpose of a functional personal dosimeter, 32 minutes (2 SED) is the target time. 

The strips were irradiated for an additional ½ SED or more as a reserve and to study further 

degradation of the ink. 
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4.6 Measurements 

After preparing the samples, and after each consecutive irradiation, the smaller sample strips 

were measured. First, using the KeyWizard software, the Eye-One hand-held spectrometer was 

calibrated, and the L*a*b* chromaticity coordinates (which were then used to construct the 

colour gradient in Adobe Photoshop) and reflectance were recorded into an MS Excel sheet, 

which was also used for further calculations and draft graphs for the possibility of real-time 

visual control. Times and dates of the measurements were logged, and the graphs were remade 

afterwards in Origin Pro 8. 

For all spectral measurements before and after irradiations, the same spot on the dosimeter 

was used and to ensure this, the area was circled with a thin black marker before the first 

measurement. To avoid any unnecessary errors, the foil with the measured ink strip was placed 

onto a clean, white piece of tiling for each measurement. 
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5 RESULTS AND DISCUSSION 

For the purpose of creating an UV personal dosimeter, the anionic azo dye amaranth was chosen 

because of its UV sensitivity, VIS stability and irreversible colour change. A number of 

compositions containing this dye was prepared in which the difference was dye–water ratio. 

The best composition which met all of the requirements was prepared in agreement with ratios 

found in Table 1. 

After printing the resulting ink onto a PET film, the sample film was dried and irradiated in 

the Q-SUN weathering chamber. After each irradiation cycle, the samples were analysed by the 

Eye-One Pro spectrometer. The spectrometer actually measures reflectance, which can be used 

to calculate spectral density, as shown in Equation (6). The measurements were enacted on a 

piece of white tiling as to avoid any accidental interference. 

 𝐷𝜆 ≐ −log𝑅𝜆 (6)  

To characterize the various compositions and for easier evaluation, and spectral density-

wavelength relationship, graphs were made for each composition, showing a spectral density 

spectrum for the ink without UV irradiation, and irradiated by ½ SED (8 min) intervals until 

complete dye degradation was achieved. Graphs and strip illustrations below, the 120 μm thick 

film version of AM_T_100_1 through AM_T_100_10 compositions show the difference 

between the compositions in UV absorption capacity.  

Figure 13 above shows the comparison of dye degradation in 120 μm thick amaranth ink 

compositions AM_T_100_1 and AM_T_100_10. Evidently, there is a vast difference between 

the thickest samples of the first and last composition. The first composition AM_T_100_1 was 

completely bleached after 8 minutes (½ SED) and there is no visible peak in the spectrum. 

This means that the dye in the film was completely degraded, while even after 4 SEDs 

(64 minutes in total), the last composition at the thickness of 120 μm still has a decent peak 

(higher spectral density than the peak of non-irradiated AM_T_100_1) at 530 nm. The 

Figure 13 The difference in spectral density and colour change of the thickest (120 μm) samples of 

AM_T_100_1 (left) and AM_T_100_10 (right) compositions. On the left graph it is clearly visible that, 

–log R value of a non-irradiated film (0.4436) of AM_T_100_1 composition barely corresponds even to 

the –log R value of a 40 min (0.5845) irradiation equivalent of AM_T_100_10 composition on the right.  
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AM_T_100_10 composition can't be completely bleached because 

the ink film is too thick and the top part of the layer bleaches, but 

doesn't let enough UV through to be completely bleached even 

after 64 minutes, which is equal to 4 SED. 

After exposing the film to enough UV radiation, the original 

magenta colour fades into a pale yellow. If after exposing the film 

to 4 SED the film still isn't a yellow colour, indicating that the dye 

wasn't completely degraded, it is probable that the ink layer is too 

thick and the top part of the layer doesn't let enough UV trough for 

titania's photocatalytic properties to be activated and the dye 

degraded as a result. 

In practice, a peak with spectral density at 530 nm also hints at which colour the film is: if 

we take a look at the basic RGB colour scheme, a peak at 530 nm belongs to the green colour 

and so, with the green colour being absorbed the most, we see the complementary colour (in 

this case it's a shade of magenta). The colour change is due to the degradation of azo-group.  

As can be seen above on Figure 15, the AM_T_100_6 composition containing 12 parts 

amaranth dye at 90 μm, which is the target thickness, still isn't quite usable because of poor 

colour change at 2 SED. The colour change between 24 and 32 minutes is barely visible. 

At the same picture on the right, there is a graph illustrating the gradual dye degradation and 

resulting colour change in L*a*b* colour space. The a* axis represents the colour range from 

green to red, the b* axis illustrates the colour range from blue to yellow, and the L* axis 

symbolises the lightness correlate, meaning that L* = 100 represents white and L* = 0 represents 

black colour. The colour wheel near the centre of the image represents axes a* and b* and 

provides a better insight of where in the colour space is the final colour situated. 

 

Figure 14 shows the RGB 

colour scheme along with 

the complementary colours 

Figure 15 shows spectral density spectra of the AM_T_100_6 composition, 90 μm thick film. 

The 0–40 labels are the number of minutes the sample was irradiated for on the left, and L*a*b* 

colour space changes due to irradiation on the right. 
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Because the dye degradation of AM_T_100_6 was still too fast, and the final colours weren't 

discernible very well, a number of compositions, denser on the amaranth dyes were prepared.  

From the data measurements, a graph illustrating the degradation of amaranth ink 

composition AM_T_100_8 was constructed, see Figure 16. It is apparent that raising the 

amount of azo dye was beneficial, as the degradation was conserved, so it was speculated that 

this composition may be the best outcome, but it was decided that the colours weren't 

discernible quite well enough for the wide public.  

At the same picture on the right, there is a graph illustrating the gradual dye degradation and 

resulting colour change in L*a*b* colour space for AM_T_100_8 composition ink. The colour 

wheel near the centre of the image represents axes a* and b* and provides a better insight of 

where in the colour space is the final colour situated. 

Figure 16 shows spectral density spectra of the AM_T_100_8 composition, 90 μm thick film. The 

0–40 labels are the number of minutes the sample was irradiated for on the left, and L*a*b* colour 

space changes due to irradiation on the right. 
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AM_T_100_10 composition was prepared, because it was expected that this composition would 

have the best properties for this assignment. As seen at Figure 17, a graph illustrating the 

degradation of amaranth ink composition AM_T_100_10 was constructed from the data 

measurements. However, the colour discernibility wasn't ideal, because the composition clearly 

stopped getting discoloured.  

At the same picture on the right, there is a graph illustrating the gradual dye degradation and 

resulting colour change in L*a*b* colour space for AM_T_100_10 composition ink. The colour 

wheel near the centre of the image represents axes a* and b* and provides a better insight of 

where in the colour space is the final colour situated. 

At last, composition marked AM_T_100_9 was prepared, with 22 parts of amaranth. 

Figure 18 shows the density spectrum of this composition. It was determined that the best 

Figure 18 shows spectral density spectra of the AM_T_100_9 composition, 90 μm thick film. The 

0–40 labels are the number of minutes the sample was irradiated for on the left, and L*a*b* colour 

space changes due to irradiation on the right. 

Figure 17 shows spectral density spectra of the AM_T_100_10 composition, 90 μm thick film. The 

0–40 labels are the number of minutes the sample was irradiated for on the left, and L*a*b* colour 

space changes due to irradiation on the right. 



34 | P a g e  

 

outcome was with the composition AM_T_100_9 at 90 μm thickness, as the peak was 

conserved even at the 40 min mark, which means that the discoloration wasn't complete after 

2 SED and the colour changes at 1½ SED and 2 SED were pronounced. The colour change was 

gradual and very nicely discernible, as shown below. This is the ideal candidate for a personal 

UV dosimeter calibrated for 2 SED. 

At the same picture on the right, there is a graph illustrating the gradual dye degradation and 

resulting colour change in L*a*b* colour space for the final AM_T_100_9 composition ink. 

The colour wheel near the centre of the image represents axes a* and b* and provides a better 

insight of where in the colour space is the final colour situated. 

The measured L*a*b* coordinates were used to make visualisations of what each colour and 

colour gradient should look like. 

Figure 19 shows visualisations of dosimeter strips, created using measurements of L*a*b* 

colour coordinates. The top row constitutes different thicknesses  (60 μm, 90 μm, 120 μm 

respectively) of different compositions (AM_T_100_5 to AM_T_100_10) before any UV 

irradiation, and the rows below that correspond to ½ SED (8 min) consecutive irradiations up 

to 32 minutes equal to 2 SED. 

Visualisations of compositions with amaranth content lower than AM_T_100_5 (10 parts, 

see Table 3) are not included because the dosimeter strips fade to the point where further colour 

changes are barely noticeable after ½ SED, and not at all after 1 SED equivalent 

of UV irradiation, even at 120 μm thickness. 

.It is clearly visible that the 60 μm thick films of compositions AM_T_100_5 through 

AM_T_100_8 are too thin to be suitable for use as a personal dosimeter for II. skin type, because 

even ½ SED UV irradiation makes a big change compared to the same composition after further 

irradiation and the colour change isn't easily discernible even between 1 SED to 2 SED and 

1½ SED to 2 SED irradiation, which is the necessary distinction for this purpose in dosimetry. 

We can also see that the 120 μm thicknesses of compositions AM_T_100_8 through 

AM_T_100_10 barely change colour in the 2 SED timeframe. This is a result of the 120 μm 

thickness layer being too thick and barely discolouring with increased UV irradiation up until 

Figure 19 shows visualisations of dosimeter compositions of different thicknesses before and after 

UV irradiation created using L*a*b* colour coordinates, left to right: AM_T_100_5 (a), 

AM_T_100_6 (b), AM_T_100_7 (c), AM_T_100_8 (d), AM_T_100_9 (e), AM_T_100_10 (f). 
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2 SED. The reason for only slight change in colour being visible is that the composition 

thickness of 120 μm is too high and UV interacts with and degrades only the top layers of the 

dosimeter film.  

It was established, that one of the three dosimeter configurations as seen on Figure 20 would 

be the proper calibration for II. skin type personal dosimeter. As is visible from the picture, here 

the colour change is discernible, especially well so the colour change of AM_T_100_9 

composition, which has been therefore proven the best choice for amaranth ink composition for 

use in personal UV dosimetry for skin types I – III, i.e. the Caucasian skin type. 

Figure 20 shows visualisations of 90 μm thicknesses of dosimeter compositions (left to right) 

AM_T_100_8 (d), AM_T_100_9 (e) and AM_T_100_10 (f) before and after UV irradiation doses 

equal to ½ SED created using L*a*b* colour coordinates, side by side. 
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6 CONCLUSION 

It was established that the emphasis on UVR protection among the public nowadays is 

insufficient, and that risks connected to underestimating the issue UV light poses are poorly 

understood. Therefore providing adequate information about the risks linked with UV radiation 

as well as an effortless way to keep oneself out of the harm's way is a crucial step towards 

changing the self-neglecting habits of the wider public. 

The main aim of this assignment was to optimize amaranth content in the proposed azo dye's 

magenta-to-yellow colour change based photoactive polymer matrix to work as an easy-to-use 

personal UV dosimeter with real-time response. Another goal was to determine the UVR 

exposure response of the proposed ink and create a printed dosimeter strip. Apart from the dye, 

titanium(II) oxide was chosen as another base photoactive component of the ink alongside trade 

secret protected components (calibration agents A, B, C and polymer solution A) acting as a 

matrix for the dosimeter to be printed on a PET foil substrate. Several dosimeter compositions 

were explored to find the most suitable ratio of components for use as a personal dosimeter for 

Caucasian skin type. Three different thicknesses of 60 μm, 90 μm and 120 μm were tested. 

To determine the best choice for both ink layer thickness and component ratio in each 

composition, dosimeters of all compositions and thicknesses were printed onto PET foil strips, 

dried and irradiated in Q-SUN, a weathering test chamber with UV dose cumulatively equal to 

2 SED, which was enacted in intervals of 8 min (equivalent to ½ SED). Data were acquired 

using a handheld spectrophotometer. All data sets were processed and their respective graphs 

and visualisations (using spectral density and L*a*b* coordinates, respectively) were 

constructed. 

The different compositions' dye concentrations and their suitability for dosimetry of each 

skin phototype were analysed side-to-side and explored in the discussion: it was determined 

that 60 μm layer thicknesses had suboptimal properties, compositions AM_T_100_1 through 

AM_T_100_7 were not found suitable for the purpose of this assignment because of low content 

of azo dye. Compositions AM_T_100_8 through AM_T_100_10 were examined and it was 

found that the 120 μm layers were not suitable for us for personal UV dosimetry in this 

particular matrix, because the colour change they showed was barely visible even after 2 SED 

equivalent of irradiation, likely due to excessive ink layer thickness of the samples, resulting in 

degradation of only the top layers of the ink strip in question. The final, ideal composition was 

proved to be AM_T_100_9, at 90 μm thickness. 
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SYMBOLS AND ABBREVIATIONS 

γ                          Shear rate 

λ                         Wavelength 

η                         Dynamic viscosity 

τ                          Shear stress 

AM                     Amaranth 

UV                      Ultraviolet 

UVR                    Ultraviolet radiation 

UV-a                   Ultraviolet A,  

UV-b                   Ultraviolet B, 

UV-c                   Ultraviolet C 

VIS                      Visible light 

SED                     Standard erythemal dose 

MED                   Minimal erythemal dose 

SPF                     Sun protection factor 

SC                       Semiconductor 

SEM                    Scatter electron microscopy 

SODIS                Solar Disinfection 

PE                        Polyethylene 

PE/EVA              Polyethylene and ethyl vinyl acetate 

PET                     Poly(ethylene terephthalate) 

PVA                    Poly(vinyl alcohol) 

PVP                     Polyvinylpyrrolidone 

AM_T_100_X  Any ink composition containing amaranth and 100 parts of TiO2 

RGB                    Red Green Blue colour space coordinates 

PS                        Polymer Solution 

PS_A                   Polymer Solution A 

CA                       Calibration agent 

CA_A                 Calibration agent A 

CA_B                  Calibration agent B 

CA_C                  Calibration agent C 

L*                        Lightness correlate of colour space CIE L*a*b* 

a*, b*                  Chromatic plane coordinates of colour space 

D                         Spectral density 

R                          Reflectance 

ROS                    Reactive oxygen species 


