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consequential damages of sun exposure 
range from simple erythema to life-threat-
ening skin cancers, resulting in high-cost 
protracted medical therapies.[4] The harm-
less amount of UVA and UVB can be 
determined by using a protective agent 
according to the individual’s skin type and 
radiation exposure intensity. Current protec-
tive methods such as sunscreens, UV-weak-
ening or UV-impermeable clothing offers 
sufficient protection against UV-radiation. 
However, these approaches do not provide 
any information about the UV-radiation 
threshold that damages the epidermis.

Present portable technologies that 
measure personal UV radiation are usually 
based on miniaturized electronic compo-
nents with power supply.[5] These dosim-
eters consist of a photodiode detector that 
generates digital signals that represent 

the irradiance.[6] However, individual calibration of device and 
optimal alignment of the sensor to the incoming solar radia-
tion are required to achieve accurate results, as the sensor sen-
sitivity decreases due to the angular deviation. The calibration of 
the sensor as a dosimeter to the erythema weighted function is 
required to estimate the biological effects caused by UVB radia-
tion.[7] However, these dosimeters do not provide any information 
about the radiation limit during exposure. Recently, chemical UV 
dye compositions have been proposed to form color upon UV 
exposure.[8,9] These substances usually consist of a colorless pre-
cursor and a UV-sensitive trigger.

Here, we developed a wide range of wearable devices that 
report on the personal UVA and UVB radiation dose in real-
time. These devices employ UV-sensitive dyes that undergo a 
chemical reaction upon irradiation, which in turn generates 
a colored dye as indicator to provide a signal for readout. To 
quantify UVA and UVB dose variations in the dyes, a smart-
phone algorithm was developed to convert the CMOS data into 
UV dose values. The combination of UV-sensitive oxidant and 
indicator dye were incorporated in wearable devices including 
skin patches, textiles, contact lenses and tattoo inks. These port-
able devices operated without any electronic components to 
monitor the user’s received UV-radiation.

2. Results and Discussion

Upon irradiation, the photosensitive agent (a triphenylsulfo-
nium or diphenyliodonium ion) triggers a hydride transfer from 

The extensive exposure of the human epidermis to solar radiation creates a 
health risk that results in skin cancer. Commercial sunscreens offer sufficient 
protection from ultraviolet (UV) radiation; however, the ability to deter-
mine UV exposure limits can provide informed decisions about the dose of 
sunscreen required and the frequency of re-application. Here, a wide range 
of wearable devices that colorimetrically report on UV exposure are devel-
oped. Under UV radiation, UV-sensitive dyes change their color from 280 to 
400 nm in the visible spectrum. By correlating the current color value and the 
UV dose, the amount of sun exposure is determined with an accuracy of 95%. 
A smartphone camera algorithm is coded to automatically perform the color 
analysis of these dyes. The UV-sensitive dyes are incorporated in wearable 
devices, skin patches, textiles, contact lenses, and tattoo inks. The developed 
wearable devices will ensure monitoring UV radiation to rationally manage 
the user’s behavior in order to prevent harmful sun exposure.
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1. Introduction

Exposure to sunlight for long periods can lead to significant 
health problems including sunburn, premature skin aging, and 
skin cancer.[1] Ultraviolet (UV) rays in the sunlight are primarily 
responsible for skin damage and are categorized into UVA 
(400–320  nm), UVB (315–280  nm), and UVC (290–100  nm) 
rays,[2] where UVC is completely filtered by the ozone layer.[3] The 
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the triphenylmethyl dye (a p-aminophenyl)methyl leucobase) so 
that the leucobase is transformed from its amino to its imino 
form and changes color. Figure  1 shows the process of color 
change for the example of triphenylsulfonium as photosensi-
tive initiator and tris(4-(N,N-dimethylamino)phenyl)methane 
(Leuco Crystal Violet) as oxidizable indicator. Further irradia-
tion results in photodegradation as the chemical structure of 
these dyes is destructed.[10] Through this controllable oxidation 
by selective irradiation with light of different intensities and 
duration, the color conversion can be precisely controlled and 
therefore provides accurate visual colorimetric data about the 
UV light exposure and duration.

To assess the functionality of UV sensitive dyes as a dosim-
eter, the samples were irradiated with UVA/-B and D65 light 
sources to induce a color change. The reflected radiation of the 
samples was measured by a spectrometer (360–830  nm).[12] 
Four different samples were tested, two liquid ones IS300 and 
IS101 as well as two self-adhesive labels H and S (designation 
according to manufacturer). Figure  2 illustrates the meas-
urement results for IS300 dye sample, which changes color 
from yellow to green upon UV exposure. Figure 2a shows the 
spectral distribution of IS300 dye as a function of time for a 
radiation intensity of 50.4 mW m−2. Prior to UV exposure, a 
spectral broadband peak at 580–600  nm resulted in yellow 
color. With continuous UV irradiation, the broadband peak 
diminished and two maxima at 510 and 660  nm remained. 
Since the human eye has a low sensitivity for light at longer 
wavelengths,[13] the latter maxima had no influence on human 
perception. Hence, the color of the UV dye was determined 
by the first peak, representing a green color. The color course 
as a function of time (30  min) is presented in the CIE 1931 
color space (Figure  2b). IS300 dye shifted its initial from 
yellow to green color as the UV exposure duration increased. 
Figure  2c illustrates the color gradient change under a con-
stant UV light exposure in the RGB channels, where the value 
255 represents the maximum color portion in 8-bit format. 

The red and green values were significantly higher than the 
blue value, and therefore a combination of these RGB values 
produced a yellow color. After 30  min of UV irradiation, the 
UV-sensitive dye formed a green color, with the green value 
as the strongest channel. Figure  2d illustrates the color gra-
dient from yellow to green of IS300 sample by displaying the 
respective color components (representative wavelength com-
ponents). Prior to UV exposure, the intensity of the yellow 
component was the highest in the spectrum. After 2  min of 
UV exposure, the yellow component decreased and the green 
component became dominant. The intensities of both compo-
nents decreased over time, resulting in a loss of brightness. 
To demonstrate the transformation speed of the color as a 
function of intensity, the sample was irradiated at 37.0, 50.4, 
70.5, and 85.0 mW m−2 (Figure 2e). With increasing UV light 
exposure intensity, the photochemical process accelerated to 
rapidly form the yellow color. UV exposure of 37.0  mW m−2 
resulted in the slowest reflection intensity decrease. With 
increasing UV exposure intensity (85.0  mW m−2), the reflec-
tion intensity decrease became steeper. Figure  2f shows the 
photographs of the dye as a function of UV light exposure 
intensity and time.

Figure 3 presents the measurement results of the UV sensi-
tive dye IS101 with a color change from transparent/white to 
blue. The reflected spectrum in Figure 3a shows a spectral dis-
tribution over the entire visible range without exposure to UV-
radiation, which is representative of a white perception. With 
continuous irradiation, the spectrum decreases and two peaks 
at 480 and 680  nm appear, whereas the second maximum is 
also neglected due to the sensitivity of human perception, and 
blue is the corresponding color. Figure  3b demonstrates the 
color gradient and shows a clear shift from white to blue of the 
UV-dye with increasing exposure duration. The RGB-compo-
nents (Figure 3c) confirm the color change, while at the begin-
ning all three RGB values are similar indicating white but with 
progressing time the red value drops toward zero and also the 
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Figure 1.  Process of color change of a leucobase (tris(4-(N,N-dimethylamino)phenyl)methane, Leuco Crystal Violet) upon irradiation-triggered decom-
position of a photosensitive initiator (an example of decomposition of triphenylsulfonium ions to aryl cations). These short-lived carbenium ions are 
known to produce H+ ions with solvents or water.[11] They effectuate a hydride transfer to oxidize the leucobase and generate the observed color change.
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green value decreases significantly while the blue value remains 
quite constant. Figure  3d affirms the results of Figure  3c and 
shows that primarily the blue component is present toward 
the end of the color change process. The results in Figure  3e 
of IS101 indicate the relationship of intensity and the rate of 
color forming and therefore the color change is performed the 
fastest at the highest intensity of irradiation (85.0  mW m−2 
purple graph) and with decreasing intensity also the process 
speed decreases in the same manner. The visual representation 
of IS101 in Figure 3f verifies the relationship between the color-
forming rate and intensity

The spectral distribution of the UV sensitive dye H in 
Figure 4a shows a decrease in intensity for wavelengths before 
580 nm, resulting in a brown color forming upon UV exposure 
of the dye to its initial color white. The color gradient in the 
CIE 1931 color space (Figure  4b) of sample H illustrates the 
color forming from white to a brown tone. The red RGB com-
ponent (Figure  4c) remains constant during irradiation with 
ultraviolet light, while the values of green and blue decrease 
in the same ratio for 200 min, proving the results of Figure 4b 
and this combination of RGB values result in a brown color of 
the UV-dye. Also, Figure 4d confirms these findings and shows 

a decrease in the wavelength proportion representative for 
white and brown, while the white proportion declines with a 
steeper gradient. The irradiation of the sample H with different 
intensities in Figure 4e describes the expected trend and shows 
a logical distribution from low to high respectively blue, red, 
yellow, and purple. Figure  4f also shows an accelerated color 
transformation with increasing intensity.

The reflected spectrum of the UV sensitive dye S is presented 
in Figure 5a and appears to have a white color without irradia-
tion, but turns to purple color with continuous exposure. Two 
maxima are formed at 460 and at 660  nm. Since the second 
maximum is significantly greater than the first one, an influence 
on human perception is noted and this spectral distribution 
results in its distinctive color. The results in Figure 5b verify the 
outcome and a change to the purple color from its initial color 
white of sample S is seen. All three RGB components show 
a decrease over time, with the green component having the 
steepest drop following by the blue component. The red com-
ponent has the highest value after irradiation and, in combi-
nation with the other components, results in purple color of 
sample S after irradiation with UV light. The compared propor-
tions of white and purple of the reflected spectrum in Figure 5d 
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Figure 2.  Measurement results of the UV-sensitive IS300 dye. a) Spectral distribution of the reflected colors as a function of time under a constant 
UV irradiation intensity of 50.4 mW m−2. b) Color gradient change of the dye in the CIE 1931 color space from yellow to green color as a function of 
UV light exposure time. c) Temporal progression of the RGB-components as 8-bit values as a function of time under a constant UV light exposure. 
d) Wavelength ranges of the dye for specific colors (yellow: 570–590 nm and green: 500–540 nm) as a function of time. e) Color gradient change over 
time at 37.0, 50.4, 70.5, and 85.0 mW m−2. f) Photographs of color gradient change over time at 37.0, 50.4, 70.5, and 85.0 mW m−2 UV light exposure. 
Scale bar = 10 mm.
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also prove that he purple proportion is more present toward 
the end. In Figure 5e a deviation for 50.4 mW m−2 is recogniz-
able and the red curve adapts to the yellow curve 70.5 mW m−2,  
which suggests inaccuracies in the measurement setup. The 
other curves show the expected trend for a relationship between 
intensity and the color gradient rate. Nevertheless, the visual 
plots in Figure  5f prove the relationship of Figure  5e and the 
sample S shows at highest intensity also the highest saturation 
in color in the same duration. UV sensitive dyes showed clear 
color formation upon UV light exposure, depending on the UV 
light exposure intensity and time. This correlation enabled the 
assignment of the color changes of the respective UV dyes to 
the UV light irradiation dose or exposure time.

Due to a higher concentration of the photosensitive initiator, 
an accelerated color formation was noted (Figures  2–5e) and 
even low intensities (37  mW m−2) were sufficient enough to 
trigger the chemical process (Figures 2–5f). Different angles of 
the light source directed to the sample showed the same effect 
in the reduction of the intensity, and thus color formation was 
still occurred with decreasing speed at increasing deviation. 
The tests also demonstrated longtime stability as the samples 
always had full transformation in color before degradation or 

photobleaching. Further tests should determine the sensitivity, 
the detection limit, and long-time stability.

3. UV-Sensitive Wearable Devices

Several wearable device models were implemented to demon-
strate the versatile application of UV-sensitive dyes to monitor UV 
radiation exposure levels to prevent skin damage. The UV-dyes 
were integrated on a suitable substrate (polydimethylsiloxane, 
PDM[14]) and a protective film layer was applied on the dyes to 
conformably place the device on the target surface (curved plastic 
surface, epidermis, textile patch). The wristband consisted of a 
silicone strap with a 3D printed inlay element, which included 
the UV-sensitive dyes as well as two immutable colors with a pro-
tective layer (Figure 6a). The wristband was designed to enable 
automatic detection using machine learning. The scale on the 
wristband provided visual information about the current UV 
light exposure level. The wristband could be reused by replacing 
the irradiated 3D inlay with a new UV sensor unit. A textile patch 
was applied to a Velcro fastener and the UV-dyes were attached 
to synthetic leather protected by a film which could also be 
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Figure 3.  Measurement results of the UV-sensitive IS101 dye. a) Spectral distribution of the reflected colors as a function of time under a constant 
UV irradiation intensity of 50.4 mW m−2. b) Color gradient change of the dye in the CIE 1931 color space from transparent/white to blue color as 
a function of UV light exposure time. c) Temporal progression of the RGB-components as 8-bit values as a function of time under a constant UV 
light exposure. d) Wavelength ranges of the dye for specific colors (transparent/white: 470–740 nm and blue: 400–500 nm) as a function of time. 
e) Color gradient change over time at 37.0, 50.4, 70.5, and 85.0 mW m−2. f) Photographs of color gradient change over time at 37.0, 50.4, 70.5, and  
85.0 mW m−2 UV light exposure. Scale bar = 10 mm.
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used as a UV blocker (Figure 6b). An additional scale for visual 
evaluation illustrated the current exposure for up to 1000 J m−2,  
as minimal erythema dose (MED) can be chosen according to 
skin type.[15] This means, light skin types can produce sunburns 
already at 200 J m−2 respectively 200 MED, whereas darker types 
endure doses up to 1000 MED (Figure S1, Supporting Infor-
mation). The patch was applicable to any conformable surface. 
Figure  6c shows an epidermal skin patch containing a skin-
adhesive plaster, UV dyes, and an optical patch. The top layer 
was waterproof. The conformable skin patch was suitable for 
outdoor use. When a sunscreen layer was applied on the skin 
patch, the color transformation slowed down depending on the 
sunscreen layer thickness and sun protection factor. Figure  6d 
demonstrates sunglasses based wearable device to display UV 
radiation exposure in athletes. Figure  6e shows the application 
of the UV-sensitive dyes in the form of tattoo inks, which were 
applied into the dermis by needle perforation. UV dyes were also 
deposited on a scleral lens to monitor UV radiation to prevent 
corneal damage or blindness (Figure  6f). These devices have 
applications in work safety, in particular, monitoring UV radia-
tion exposure during welding and workplaces that involve highly 
intense laser sources. The user can recognize a color change in 
his visual field when a UV light exposure threshold is exceeded.

4. Quantification of UV Light Exposure  
with Smartphones

Figure  7 shows the developed smartphone application that 
evaluates the color change of a UV-dye. After determining 
the user’s irradiation dose (J m−2), the application provides a 
guideline for skin protection. The home screen of the appli-
cation allows the selection of different functions such as 
the scan of a UV-label to determine UV dosage, recommended 
protection methods, displaying the history of performed scans, 
and a diagnosis report (Figure 7a). In the first step, by selecting 
the scan function, the label to be scanned is chosen depending 
on the wearable device type: a bracelet, skin patch, contact lens, 
or a textile patch (Figure 7b). In the next step, the user’s skin 
type is chosen to determine the specific MED, which defines 
the threshold for UV radiation damage (sunburns) (Figure 7c). 
Once these parameters are set, the camera interface of the 
smartphone is accessed to correct for color and brightness to 
compensate for ambient lighting conditions (Figure 7d). A UV 
label is scanned using the smartphone camera. The RGB color 
values of the UV dyes are extracted using object detection. A 
conversion into XYZ tristimulus values was computed using a 
predefined transformation matrix M
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Figure 4.  Measurement results of the UV-sensitive UV-Label H dye. a) Spectral distribution of the reflected colors as a function of time under a con-
stant UV irradiation intensity of 50.4 mW m−2. b) Color gradient change of the dye in the CIE 1931 color space from white to brown color as a function 
of UV light exposure time. c) Temporal progression of the RGB-components as 8-bit values as a function of time under a constant UV light exposure. 
d) Wavelength ranges of the dye for specific colors (white: 470–740 nm and brown: 550–740 nm) as a function of time. e) Color gradient change over 
time at 37.0, 50.4, 70.5, and 85.0 mW m−2. f) Photographs of color gradient change over time at 37.0, 50.4, 70.5, and 85.0 mW m−2 UV light exposure. 
Scale bar = 10 mm.
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Figure 6.  UV-sensitive wearable devices. a) Wristband containing a scale bar for visual readout of the dose and ambient light correction. b) Textile patch 
with a Velcro fastener and scale for visual readouts. c) Epidermal patch with an adhesive layer and a scale for visual readouts. d) Sunglasses with two 
types of UV- sensitive dyes. e) UV-dye integrated tattoos in the shape of the sun. f) Contact lens containing UV dyes. The insets show the status of the 
wearable devices prior to and after the UV exposure at 50.4 mW m−2 for 30 min. Scale bars = 10 mm.

Figure 5.  Measurement results of the UV-sensitive UV-Label S dye. a) Spectral distribution of the reflected colors as a function of time under a constant 
UV irradiation intensity of 50.4 mW m−2. b) Color gradient change of the dye in the CIE 1931 color space from white to purple color as a function of 
UV light exposure time. c) Temporal progression of the RGB-components as 8-bit values as a function of time under a constant UV light exposure. 
d) Wavelength ranges of the dye for specific colors (white: 470–740 nm and purple: 590–740 nm) as a function of time. e) Color gradient change over 
time at 37.0, 50.4, 70.5, and 85.0 mW m−2. f) Photographs of color gradient change over time at 37.0, 50.4, 70.5, and 85.0 mW m−2 UV light exposure. 
Scale bar = 10 mm.



www.advancedsciencenews.com www.advopticalmat.de

1901969  (7 of 9) © 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, WeinheimAdv. Optical Mater. 2020, 8, 1901969

X
Y
Z

M
r
g
b

[ ]












=














	

(1)

This allows the determination of the user’s current UV 
dose through the nearest neighbor classification of the XYZ 
values (Figure 7e).[16] The specific UV light exposure dose and 
pre-measured values are displayed as a trend curve over time to 
illustrate the user’s exposure to UV radiation (Figure 7f). In the 
protection section, the smartphone application suggests protec-
tion methods based on the skin type and the performed scans 
(Figure  7g). Additionally, the user can obtain a live request of 
the latest UV index on the radiation level at the specific loca-
tion. The diagnosis function allows to track the recorded data 
with other vital parameters and share them with a dermatolo-
gist (Figure 7h).

UV-sensitive dyes show a promising method for monitoring 
UV radiation, comparable with other reported approaches.[17–19] 
However, most approaches in the literature are based on an 
evaluation of the colors without a smartphone application. One 
approach used UV dyes applied as smileys on a substrate, which 
change their smile with increasing exposure.[17] In another 
approach, the UV sensors were adapted to different skin types. 
By applying attenuating layers upon the sensor, the exposure 
time of the UV dyes was increased and adapted to darker skin 
types.[18] By using a smartphone application in combination with 
a reference scale (Figure 6a–c), personalization of the sensor to a 
specific skin type have practical applications since the UV dyes 
are designed for 1000 J m−2 (1000 MED). By determining the 
skin type once in the application, the user receives the limit of his 
daily UV dose. For example, a person of skin type II would have a  
maximum dose of 250 J m−2 (250 MED) before skin damage 

Figure 7.  Smartphone readout algorithm utilizes the CMOS camera. a) Home screen with the option to scan a wearable device, view suggested pro-
tection methods, display the scan history and a diagnosis report. b) Selection of a UV-label from a bracelet, skin patch, contact lens, and textile patch.  
c) Choosing skin tone. d) Color and brightness compensation under ambient light. e) Scanning a UV-label (bracelet). f) The history of recorded values 
and graphical illustration of the measurement results. g) Suggested protection method based on the UV-dose and live UV index. h) Diagnosis report 
of specific user information and option to share data with a dermatologist.
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occurs, which corresponds to exactly one quarter on the reference 
scale in Figure 6c. Additionally, the scan of a label through the 
smartphone application provides precise results of the current 
dose than visual evaluation. Based on these results, the user will 
receive preventative instructions displayed on the screen to avoid 
damage to the epidermis. Furthermore, it is possible to reuse an 
already used UV label at a later date, if the maximum exposure or 
transformation has not been reached. Accordingly, when a new 
UV label is scanned, the first color value obtained can be reset 
regardless of whether it has already been used or not.

5. Conclusion

The samples IS300, IS101, UV-label H, and UV-label M were 
found to be robust for variable device use. Nevertheless, for low 
intensities of 37.0 up to 85 mW m−2, fast color transformations 
were noted within 30–300  min; therefore, UV blocking sun-
screens could be used in combination with these dyes to extend 
their lifetime for a possible reuse. The use of UV-filtering films 
such as titanium dioxide (TiO2) and zinc oxide (ZnO)[20] are 
suitable for the coating of the UV-dyes and can block up to 99% 
of UV-radiation while VIS-radiation is passing,[21] which allows 
for a controlled extension of device life time.

The toxicity of the reagents should be evaluated to ensure that 
the optical sensors are biocompatible and suitable for the use in 
skin or applied on a contact lens. Additionally, recyclable materials 
(thermoplastics) can be utilized to minimize the environmental 
impact by avoiding disposal and also brings advantages like cor-
rosion resistance, low density, high strength, and user-specific 
designs.[18] For example, in case of a wristband, the insert can 
simply be replaced after use and the wasted material can be recy-
cled. Furthermore, by integrating electronic sensors in the wear-
able devices presented in this work, biomarker in human sweat 
can be monitored in combination with UV sensing for application 
in personalized medicine. For example, diagnosis to the hydration 
state[24] or diseases like cystic fibrosis or diabetes[25] can be made 
by the electrochemical sensor applied on the back of the portable 
device with contact to the skin to indicate the current state of spe-
cific biochemical parameters with colorimetric responses.[26]

The present work allows for a colorimetric evaluation of UV 
sensitive dyes using smartphone applications to determine the 
user’s UV-radiation dose and may have application in daily sun 
protection as well as dermatological sectors to prevent skin 
damage caused by solar radiation.
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