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A B S T R A C T

Ultraviolet light (UV) present in solar radiation has an important effect on the health of human skin. For that
reason, we developed a disposable and easy-to-manufacture UV light sensor based on surface color change of a
polyurethane (PU) film and examined its performance against radiation received from a lamp or from the sun.
The chemical modification after UV exposition and the consequent color variation from light yellow to brown in
PU sensor were studied by using RGB image analysis and a reflectance prototype containing an Arduino board.
It was found that the photochemical modification of PU films increases absorption of visible radiation in the
blue spectrum range. Furthermore, PU surface was more sensitive to UV (<390) than that found in visible light
when exposed to sunlight, which was associated with the presence of a chromophore in the material modified. In
addition, it was found that the extract obtained from irradiated PU showed its maximum absorption at 309 nm.
Hence, the use of this economical light radiation sensor seems to be a very promising tool to determine exposure
to UV light from the solar spectrum.

1. Introduction

Recent studies have found that about 10% of the US population is
intentionally exposed to sunlight at work or during holidays [1]. Al-
though sometimes skin exposure to sunlight has positive effects [2,3],
it can be subject to damage produced by UV light from the solar spec-
trum, which consequently increases the risk of skin cancer [4]. UVA
and UVB radiation are the main responsible for biological response,
leading, in a few minutes, from sensitization of the skin to erythema,
which produces important biological and chemical reactions [3–5,1–7].
Therefore, an optimal dose of sunlight can be controlled using a sim-
ple analytical method to determine the radiation received by skin sur-
face, particularly relevant in medical science and human health. In this
sense, numerous dosimeters have been developed for the determination
of received UV dose [8–13]. Digital colorimetric analysis is the method
most widely used to quantify the color information of a sample im-
age whose data are extracted from red, green and blue (RGB) chan-
nels [14–18]. In addition, RGB analysis was used for the identification
and quantification of different analytes in food [19]. Solar radiation
was determined by using ortho-nitrobenzyl (ONB) modified photocleav-
able polymer films [20] or composite material based on TiO2 ink and

polyvinyl pyrrolidone [21]. Although they have good sensitivity, the
synthesis of ONB film is not easy and these materials are generally ex-
pensive. By contrast, polyurethane (PU) is a commercial polymer with
good mechanical properties and may be easily prepared at low cost and
usually used as a thermal insulator. PU also exhibits chemical and mor-
phological changes after exposure to environmental factors such as sun-
light, turning this polymer into an ideal material to build a dosime-
ter. This degradation process has already been observed by Rosu et
al., which undertook studies to determine the nature of the chemical
modification of the material after photochemical exposure [22]. It was
found that absorption of visible light from PU surface changed after
oxidation of central methylene group of diphenylmethane diisocyanate
(chromophore). In addition, this modification was associated with loss
of aromatic rings by reacting with light and oxygen. It was also found
that sunlight was responsible for degradation observed in PU surface,
mainly involving the highest energy radiation. Taking advantage of this
phenomenon, in this work, a low-cost and disposable UV sensor based
on surface color change of a PU film was built to determine UV ra-
diation. Chemical modification produced onto surface of PU films was
studied by using RGB image analysis and a reflectance prototype con-
taining an Arduino board. Moreover, the sensitivity of PU films to so-
lar radiation was studied by reflectance measurement and the surface
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Fig. 1. A) Schematic circuit of reflectance detector for PU. B) Spatial location of photodiode (a), led diode (b) and mirror (c) in reflectance detector. C) Photograph of home device for
reflectance measurement (a) Microcontroller and display side. b) Detector, amplifier and power source side.

Fig. 2. Photograph of PU films after different exposition times (minutes) under UV light.
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Fig. 3. FTIR-ATR spectra of PU samples obtained after UV irradiation time such as 0
(black), 2 (red), 5 (green), 15 (blue) and 20 min (pink) (for interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article).

modification of the PU particles was analyzed by using scanning elec-
tron microscopy (SEM).

2. Experimental

2.1. Preparation of PU films

PU film was produced from a commercial reaction mixture con-
taining 4,4′-diphenylmethane diisocyanate (MDI) (espumafix PU Multi
- Afix, China). It was left for polymerization into a silicone container
under protection from light exposure for 24 h. Then, PU foam was cut
into small fragments with a blade, cooled with liquid air to obtain a
brittle material; immediately after, it was pulverized with a mortar. The
powder was dried to constant mass in an oven at 40 °C for 48 h. Sub-
sequently, the samples were sieved between screens of 40 and 20 mesh
(0.42-0.84 mm) [23]. Afterwards, the sample was deposited on the sur-
face of an adhesive paper (STIKO, Argentina) until being completely
covered and then cut in a square of 1 cm2. The non-retained material
was removed under a current of air. The sample was protected from
light and moisture with an aluminum foil and stored until use.

2.2. Exposure of PU sensor to UV lamp light

Square PU films were exposed to UV radiation at 254 nm generated
from a lamp (NNI 40/20 35 W, UV-Consulting Peshl®, Spain). Lamp
was lighted for 10 min before being used to achieve emission stabiliza-
tion (Fig. S.1). Samples were left 5 cm beneath the lamp for 0, 2, 4, 7,

Fig. 4. RGB analysis of PU films exposed to UV light. (A: left) Comparison between color image and red ( ), green ( ) and blue ( ) components of PU films at different exposure times.
(B: right) Pixel variation of , and components as a function of UV exposure time (for interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article).

Fig. 5. A) Reflectance signal measured as a function of exposure time. B) Correlation between the blue component of RGB analysis and the reflectance measured (for interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article).
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Fig. 6. Reflectance signal measured as a UV intensity function for PU films after 20 min
of exposure.

10, 15, 20, 25 and 30 min. In other cases, samples were exposed for
20 min but at different distances from the UV-light source (5, 10, 15,
20 and 25 cm). To determine the irradiance and dose received by each
PU film, a UV-B detector was used. The equipment used was a UV sen-
sor probe based on Silicon Carbide (SiC) detector chip, model “UV Sur-
face” joined to an interface CAN to USB converter model “Digibox”
(SgLUX-Germany). All results obtained with this device were registered
as irradiance (W/m2). When the samples were exposed to UV of 254 nm
at different distances, the radiant flux that received each surface was
calculated from the irradiance measured and Inverse Square Law. All ex

periments were performed four times for each exposition time or dis-
tance, respectively.

2.3. Exposure of PU sensor to sunlight

PU films were exposed to solar radiation for 5 days. Each day from
1 pm until 2 pm, the polyurethane films were exposed for 60 min to sun-
light directly or through a UV filter (EXUS UV-cut L390, Marumi Optical
Co. Ltd.). The presence of the filter ensures that the films exposed re-
ceive only the visible spectrum from the sun. Thus, wavelengths below
390 nm were eliminated, while those films directly exposed received to-
tal solar radiation. The exposure period was chosen based on the solar
zenith. In addition, clear sky conditions were required in each exposure.
After receiving sunlight, the reflectance of each sample was measured
at least four times with the prototype designed for that purpose. Simul-
taneously, an illuminance value of a 110–130 klx range was determined
with a luxometer (UNI-T model UT383, China), while the UV index was
informed by the nearest meteorological center (Ambrosio Taravella In-
ternational Airport on a weather meteorological service webpage) [24].
All tests were performed at least four times.

2.4. Image analysis of modified surface of PU films

Pictures of PU films exposed to UV radiation from the lamp were
analyzed using a processing software such as IMAGEJ 1.4 g (Wayne
Rasband, National Institutes of Health, USA). Firstly, the exposed sam-
ples were captured through a digital image taken with a camera of 12
megapixels (Canon, PowerShot SX220 HS, Japan). Later, the image ob-
tained was decomposed into RGB components. Then, squares of 9500

Fig. 7. Stability study of PU films exposed to UV light for 15 (A), 30 (B) or 60 (C) storage days.
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Fig. 8. Profile of reflectance signal from surfaces of PU films exposed to sunlight with
(red) and without (blue) UV filter as an exposure time (for interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article).

pixels containing the image of each exposed film were selected. Average
pixel value was calculated between 0 and 255. This average value was
assigned as a signal corresponding to the exposed surface of the film.
Samples not exposed to light were used as control and measured as the
other films. Samples corresponding to a given exposure time were an-
alyzed four times. Furthermore, pixel blue was named as pxB and all
data from this component were normalized (pxBnorm) from a relation be-
tween an i value (pxBi) and the highest value measured (pxBmax).

2.5. A prototype for reflectance measurements

Surface modification of PU films was measured with a prototype
where reflectance data of samples before and after UV irradiation were
gathered. Fig. 1A shows a schematic diagram of the prototype built.
It has a light source of 3 mm diameter based on blue light-emitting
diode (LED) composed of InGaN with a maximum emission of 470 nm
(A-Bright, China). The detector consists of a photodiode (BPV10,
Vishay), where the signal was amplified by the dual operational am-
plifier TLO82 (STmicroelectronics). The signal from the operational cir-
cuit was digitized by an analogue digital converter (AD) from an At-
mega328 microcontroller contained in an Arduino UNO board (Italy)

and the digitized signal was shown using a 2-line x 16-character LCD
display. A free software Arduino 1.8.3 was used to program the micro-
processor. Fig. 1B shows the arrangement of detector photodiode (a)
and LED (b) in reflectance cell. Both components were separated by a
mirror (c), whose reflective surface was oriented towards LED. From
this arrangement, only the light reflected by the sample surface reached
the detector. A time near 0.10 s was required for the device to record
the signal. The reflectance measured for this device was determined in
volts (V); however, the parameter used was expressed as a reciprocal
of former (V−1) and named as reflectance signal (rf), to follow the PU
modification as rising function. For comparison with RGB analysis, all
data were normalized (rfnorm) from a relation between an i value (rfi)
and the highest signal measured (rfmax). For detailed information on the
reflectance prototype, see supplementary data (video S.2).

2.6. Stability study of irradiated PU films

Surface stability of PU sensor was studied to know its ability to main-
tain the information received from modification produced by radiation.
PU film was irradiated following the procedure explained above and its
surface was analyzed by the reflectance device. Subsequently, each PU
sensor was kept protected from light at 25 °C under aluminum foil. Sur-
face reflectance of PU sensor was measured again after 15, 30 and 60
storage days after irradiation.

2.7. Film characterization by infrared spectroscopy

Surface of films irradiated under UV light and those exposed to
sunlight were studied by attenuated total reflectance Fourier Trans-
form Infrared Spectroscopy (FTIR-ATR). Samples were measured with a
Thermo Scientific Nicolet IZ10 spectrometer. A zinc selenide ATR crys-
tal with an incident beam at 45° was used in a wavenumber range of
4000–600 cm−1 at 4 cm−1 resolution for 32 scans with Omnic 8 (Nico-
let) data processing.

2.8. Film characterization by scanning electron microscopy

The surface morphology of PU films before and after exposure to so-
lar radiation was characterized by scanning electron microscopy (SEM).
SEM was performed using a Sigma FE-SEM from the Electron Mi-
croscopy Laboratory (LAMARX), FAMAF, Universidad Nacional de
Córdoba, Argentina. Each sample was sputter-coated with gold (Au).

Fig. 9. SEM micrographs of the surface of PU films after exposure to sunlight with (bottom) or without (up) UV filter. Magnification of 50, 500 or 5 kX is reported inside micrographs.
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Fig. 10. UV–vis spectra corresponding to PUmod dilutions. Inset: Calibration curve deter-
mined at 309 nm for PUmod. Photograph of a vial with a 3.7 × 10−3 wt.% of PUmod solu-
tion.

2.9. Irradiated PU characterization by UV–vis spectroscopy

PU foam samples were prepared with a spherical shape of near 5 cm
of diameter, and then, exposed to sunlight for 1 month. After that, each
sample was scraped and 18 mg of PU particles were put in contact with
2 g of dimethyl sulfoxide (DMSO) for 24 h. Later, a 0.44 wt.-% of modi-
fied PU extract (PUmod) solution was obtained. Different solutions from
dilution of soluble extract in distilled water (1/600, 1/343, 1/240, 1/
150 and 1/120) were prepared. The UV–vis spectra of modified PU ex-
tract solutions were recorded with a Shimadzu UV-1800 spectropho-
tometer (Japan) in a wavelength range of 200–1000 nm.

3. Results and discussion

3.1. UV irradiation of samples

PU films were irradiated with a radiant flux of 188 W.m−2 from lamp
of UV light for different times. All samples received doses of 0.0, 2.2,
4.5, 7.9, 11.3, 16.9, 22.6, 28.2 and 33.8 J.cm−2, respectively. Fig. 2
shows that the non-irradiated sample had a pale yellowish color. How-
ever, as exposure time increases, the sample turns dark where the origi-
nal color of PU surface shifts toward brown.

In addition, chemical modification produced onto surface of PU films
after irradiation was measured with FTIR-ATR spectroscopy. A similar
study was already performed by Rosu et. al., reporting several character-
istic bands corresponding to specific groups formed after photochemical
decomposition [22]. Among the most relevant signals are those at 1730
and 1705 cm−1 corresponding to stretching vibration of carbonyl group
of ester and urethane group, respectively. Fig. 3 shows that the carbonyl
signal of ester group increases while the urethane band decreases as a
function of light exposition time. A superficial photochemical degrada-
tion from amide to ester group (Photo-Fries rearrangement) took place
[22]. Other bands corresponding to ring of C C stretching mode and
its bending vibration in-plane at 1595 and 1506 cm−1 were observed,
respectively. This phenomenon is attributed to the photo-oxidation of
methylene group of MDI, leading to the conversion of aromatic rings to
highly conjugated quinones [22]. In addition, the methyl group shows
a band at 1370 cm−1 corresponding to the bending vibration, which is
increased from decomposition of alkyl ester structures present in com-
mercial PU [22].

In addition, the chemical change which occurred onto PU film sur-
face after exposure to light at different times was evaluated from RGB
image analysis. Fig. 4A shows the original images as a reference scale
and their RGB components obtained from digital photography of irradi-
ated films. It is clearly observed that the major change is mainly shown
from the blue component of captured images, whose absorption value
increases with exposure time. Moreover, Fig. 4B shows average pixel
value for the red, green and blue components obtained from image of
PU film after UV light exposure at different times. Although the sig-
nals of the green and red components show no clear dependence, the
pixel value of the blue component linearly decreases as exposure time
increases until 20 min (R2 = 0.996). Then, a constant value is reached.
This phenomenon was associated with the fact that the photodegrada-
tion of PU film surface took place with a constant rate until 20 min, and
then total surface conversion was achieved.

3.2. Performance of reflectance prototype

Operation of this device is based on rf measurement when the sur-
face of PU film is stimulated by blue light emitted from a photodiode
(Fig. 1B). Fig. 5A shows the reflectance of irradiated PU films against
exposure time. It is found that reflectance signal increases until 20 min,
reaching a constant value. This result agrees with those data about ab-
sorption performance of blue component as described above. Therefore,
those data obtained from RGB image processing and determination of
their reflectance were compared as a function of photodegradation time.
Thus, for comparison, RGB data and reflectance signal were normalized
as pxBnorm = (px Bi/pxBmax)−1 and rfnorm = (rfi/rfmax), respectively. Fig.
5B shows the profile of rfnorm vs pxBnorm curve where a good correla-
tion between these parameters is observed, which supports the fact that
both signals are sensitive to chemical modification. It is also found that
the linear adjustment has a slope of (1.85 ± 0.09), intercept (-0.8 ± 0.1)
with a determination coefficient of r2 = 0.991, showing that reflectance
has a sensitivity higher than that found in RGB analysis.

3.3. Reflectance of irradiated PU films at different UV light intensities

Sensitivity of PU films exposed to different intensities of UV light at
254 nm was determined by rf measurement. For this, samples were ex-
posed at different distances from UV lamp for 20 min, where PU sur-
faces received radiant fluxes about 5–200 W.m−2. Fig. 6 shows the signal
of reflectance obtained at different intensities. A linear relationship was
found between both variables with a determination coefficient of 0.96
and a proportionality constant of 6.1 × 10-3 V- 1/W. m−2.

3.4. Stability of PU films exposed to UV light as a function of storage time

After photochemical modification of PU film took place, chemical
stability of surface film was evaluated by reflectance measurements at
0, 15, 30 and 60 storage days. Figs. 5A and 7 show the reflectance re-
sponse of the films as a function of exposure time. For a storage time
of 0 day, the sensitivity found for this sensor was (1.63 ± 0.03) of
V.min−1, while a detection limit of 1.5 min of exposure time was de-
termined (Fig. 5A). However, 15 days after exposure, the sensitivity of
PU films decreased near 25% in reference to the initial value, while
the linear range was maintained (Fig. 7 A). In addition, the determi-
nation coefficient obtained from data showed no change. On the other
hand, Fig. 7B shows that when reflectance data were recorded after 30
storage days, the slope decreased close to 31% in relation to its initial
value, while the determination coefficient decreased near 0.95. This ef-
fect is more pronounced when the films were studied for 60 storage
days (Fig. 7C). It was found that sensitivity decreased close to 38% of
its initial value, showing a shorter linear range and its determination
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coefficient diminished to r2 = 0.91. Although the signal of sample de-
creased along with a longer storage time after photochemical modifica-
tion, they maintained a linear correlation at least for 30 storage days.

3.5. Sunlight influence on photochemical modification of PU sensor

Fig. 8 shows the performance of reflectance as a function of expo-
sure time for samples exposed to solar radiation in the presence or ab-
sence of UV filter, which prevents radiation from wavelengths lower
than 390 nm. In this measurement, an UV index between 11 and 12
(very high) was reported. In Fig. 8 it is also observed that films ex-
posed to solar radiation in the presence of UV filter show no significant
change against films directly exposed to sunlight. This behavior suggests
that films respond to UV light from sunlight with wavelengths below
390 nm. The exposed films show a significant increase of the signal as
a time function. The tendency seen in the directly exposed films is at-
tributed to a gradual chemical modification of the sites available onto
surface of PU particles.

Eq. (1) was used as a mathematical expression to describe the signal
variation as a function of exposure time.

(1)

where x was the exposure time, with a parameter A /
V−1 = 0.664 ± 0.008 and a determination coefficient R2 = 0.99879 was
estimated. Then, PU films before and after exposure to solar radiation
were characterized by scanning electron microscopy (SEM). Fig. 9 de-
picts SEM micrographs corresponding to the surface of PU films where
magnification increases from left to right. On the left, the top layer of
the film seems to be completely covered with PU particles, attaining
a fairly uniform final surface. On the top micrographs exhibit the sur-
face of PU films exposed to sunlight under UV filter protection; on the
bottom PU films are modified by UV sun radiation. Clearly, the mi-
crographs with the highest magnification allow visualizing the incipi-
ent chemical modification that takes place onto the surface of PU film
without UV filter after sunlight exposure. Small and dark dots are ho-
mogeneously distributed onto the surface of modified PU films, where
chemical modification takes place. No appreciable loss of material can
be found from the superficial morphology, which suggests that sensitiv-
ity is probably based on local chemical modification. This behavior had
already been corroborated by FT-IR-ATR.

3.6. Spectral characterization of irradiated PU

It is known that the direct and circumsolar irradiance that reaches
the surface of the earth has an appreciable intensity higher than
5 × 10−4 W. m-2 nm-1 at wavelengths above 300 nm [25]. In this sense,
when PU films were exposed to solar radiation, superficial changes were
observed. However, when this polymer was exposed to filtered sun-
light (without radiation below 390 nm), the modification of PU surface
did not occur. This behavior suggests that the radiation responsible for
the modification of PU surface corresponds to UV light absorbed in the
wavelength range of 300–390 nm. Therefore, an active molecule that
absorbs UV radiation in this region is expected, related to the degra-
dation product of irradiated PU. In this sense, the soluble extract ob-
tained from irradiated PU (PUmod) by sunlight was characterized by
UV–vis spectroscopy. Fig. 10 shows UV–vis spectral curves of this di-
lution in the wavelength range of 200–700 nm. The profile of the ab-
sorption spectrum of the extract shows a high absorption below 250 nm
and a shoulder at 309 nm (Imax), which is suggested as the main absorp-
tion band of the solar UV radiation. Beyond this wavelength, the spec-
trum has an absorption tail extended to visible light range. This phe-
nomenon explains the variation of the blue component (RGB) and re-
flectance of blue light as PU films are irradiated. In addition, a linear
relationship between absorbance and PUmod concentration at lmax was

determined (inset of Fig. 10). Furthermore, the percentage of absorp-
tivity (epercent) was determined from the slope of the linear adjustment,
obtaining a determination coefficient of 0.998, and epercent value of
(207 ± 5) % wt-1. cm-1.

4. Conclusions

PU films were obtained from a commercial mixture containing MDI.
Surface PU films showed color change in the range of yellow as a re-
sponse to the UV radiation received. In addition, the development of
a device based on reflectance value with Arduino technology was pro-
posed as a useful technique. Thus, according to the tests conducted we
could confirm that PU films exposed to solar radiation were sensitive
only to a wavelength shorter than 390 nm, which belongs to the UV ra-
diation of the solar spectrum. It was also found that UV sensor was very
stable and adequately kept the information at least for 30 storage days.
The surface of PU film modified by irradiation was also characterized by
SEM. Therefore, the use of this photosensitive surface as an economical
sensor of light radiation seems a promising tool to control the UV radia-
tion received. Moreover, this kind of sensing surface is being evaluated
as a future work to build similar sensors from recycled PU.
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