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Abstract: ISO standards exist for evaluating sunscreens, such as those based on visual inspection.
This assessment yields subjective results and is thus unreliable. Therefore, to verify the results of
the visual assessment of sunscreens, quantitative evaluation methods are necessary. These methods
require the measurement of the total radiation energy that is diffusely transmitted in all directions. For
the measurements, although an integrating sphere is widely used to measure diffusely transmitted
radiation, a simpler measurement would contribute to the easy usage of quantitative and objective
evaluation. We propose the use of fluorescent materials as an alternative method to characterize
sunscreens. In this method, a layer containing a fluorescent material is placed behind the sunscreen,
and when the excitation radiation transmitted through the sunscreen reaches the fluorescent layer, it
emits fluorescence. The feasibility of this measurement method was evaluated through numerical
analysis and it demonstrated that hemispheric transmittance can be measured when the fluorescent
layer is of high concentration or thick. Additionally, a prototype fluorescent layer was fabricated, and
also the results were compared with the amount of diffusely transmitted UV from several commercial
sunscreens. This pilot evaluation measurement method showed that the UV shielding index shown
on the package does not necessarily truly reflect the amount of UV energy transmitted through the
sunscreen, thus failing to provide the expected protection.

Keywords: sunscreens; UV rays; hemispherical transmittance; integrating sphere; fluorescent material

1. Introduction

Recently, the harmful effects of UV rays on human skin have attracted increasing
attention. To protect the skin from these harmful effects, sunscreens have been developed,
and the performance of sunscreens is expressed by two values: SPF and PA. SPF stands for
the sun protection factor, and the higher its value, the better the performance in shielding
ultraviolet B (UVB) radiation in the wavelength range of 290–320 nm. PA stands for the
protection grade of UVA, and this index is used in Japan and Korea. UVA is ultraviolet
A, in the wavelength range of 320–400 nm. The UVA protection factor (UVAPF) has been
used in Europe since 2013. The higher the level of PA or UVAPF, the better the shielding
performance against UVA [1,2].

For many years, SPF and PA (UVAPF) values have been measured according to regula-
tions set by the Comité de Liaison des Industries de la Parfumerie (COLIPA) in Europe and
by the Food and Drug Administration (FDA) in the United States [3–5]. Additionally, ISO
24444 and ISO 24442 were published in 2010 and 2011 [6,7], respectively. These standards
regulate the evaluation method for sunscreens and unify the index of shielding effectiveness
against UVA to UVAPF. Before ISO 24444 and 24442, sunscreens were evaluated not only
by visual changes in skin color caused by UV rays irradiated from a predetermined light
source, but also by hemispherical transmittance measurement [8]. The existing COLIPA
and FDA standards do not specify a method for determining UVAPF values but stipulate

Appl. Sci. 2022, 12, 11521. https://doi.org/10.3390/app122211521 https://www.mdpi.com/journal/applsci

https://doi.org/10.3390/app122211521
https://doi.org/10.3390/app122211521
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://doi.org/10.3390/app122211521
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app122211521?type=check_update&version=4


Appl. Sci. 2022, 12, 11521 2 of 12

that SPF values are determined by hemispherical transmittance measurement of sunscreens
using an integrating sphere. Alternatively, the ISO standard specifies that both SPF and
UVAPF values should be determined through visual evaluation. However, the visual
observation evaluation method may yield different results depending on the nature of the
subject’s skin, differences in health status, and the evaluator’s skill. Therefore, it is neces-
sary to conduct a quantitative evaluation by measuring the hemispherical transmittance of
the sunscreens.

When measuring the hemispherical transmittance of sunscreens, the integrating sphere
has long been used as a basic tool [9], and research has continued to not only expand the
range of types of measurement objects and wavelengths [10–16] but also to improve the
accuracy of measurement [17–23] with the details of a few studies described as follows.
Pickering et al. [11] studied a system to simultaneously measure the scattering coeffi-
cient, absorption coefficient, and anisotropy factor to determine the optical properties of
biological tissue. In this study, a measurement system with a scattering sample placed
between two integrating spheres was constructed to measure the scattering parameters
experimentally and evaluate them theoretically. Gaigalas et al. [15] proposed a method
to measure the fluorescence quantum yield using a commercial spectrophotometer with
a 150 mm integrating sphere detector. They obtained the fluorescence quantum yield
from a combination of absorbance measurements of the buffer and analyte solution inside
and outside the integrating sphere. Bergmann et al. [19] developed a spectroreflectome-
ter/transmissometer that can determine absolute optical characteristics in the wavelength
range of 300–2600 nm by using three rapidly interchangeable 20 cm integrating spheres.
They showed that these values can be measured with extremely high accuracy. Zerlaut
et al. [23] developed an accurate method to determine the optical properties of scattering
media using an integrating sphere-based setup based on theoretical investigations of the
light propagation within an integrating sphere. They tested their experimental system or
model with Monte Carlo simulations and in practice using an integrating sphere made by a
3D printer. Then, they determined the effective scattering coefficient and the absorption
coefficient in the wavelength range of 400–1500 nm.

These examples show that integrating spheres are generally used to measure the
hemispherical reflectance and transmittance of scattering and absorbing media. However,
there is a disadvantage in that the integrating sphere is a highly specialized instrument
and cannot be used easily. Thus, this study proposes a measurement system specialized
for measuring radiation scattering/absorbing media, particularly diffused transmitted
radiation, without the use of an integrating sphere.

First, the procedure for calculating the hemispherical transmittance from the experi-
mental data and an overview of the measurement apparatus are presented. Next, verifica-
tions are performed both experimentally and analytically. Finally, the method is tested by
measuring the amount of UV radiation transmitted from the sunscreens.

2. Concept of Proposed Measurement Method

Generally, hemispherical transmittance is used as an indicator of radiation [24].

T = qt/qin (1)

where qin and qt are the incident and transmitted flux, respectively. In a conventional
measurement system, as shown in Figure 1, to obtain the incident radiation flux, the incident
radiation is first made to enter directly into the integrating sphere, and then a portion of the
emitted radiation is measured. Next, to obtain the transmitted flux through the sunscreen
sample, the incident radiation through the sample is made to enter the integrating sphere,
and a portion of the emitted radiation is measured in the same manner that the incident flux
was obtained. Because the measured values obtained by the photodetector are proportional
to the amount of radiative energy detected, E(A→S), they are expressed by Equation (2)
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using the radiative intensity I(θ, ϕ) emitted from the integrating sphere. Here, A and S
represent the apertures of the integrating sphere and photodetector, respectively.

E(A→S) = I(θ, ϕ) cos θ
∆S
L2 ∆A (2)

where ∆Ω is the area of the integrating sphere aperture, ∆S is the area of the photodetector,
L is the distance between the integrating sphere aperture and photodetector, and θ and
ϕ are the polar angle and azimuthal angle from the integrating sphere aperture to the
photodetector, respectively. In most integrating-sphere measurement systems, although
a photodetector is installed directly at the aperture of the integrating sphere (Figure 1),
the integrating-sphere aperture and photodetector are shown separately to correspond
to the system proposed in this study. Generally, θ, ϕ, ∆S, L, and ∆A are constants in the
experimental apparatus because the positional relationship between the aperture of the
integrating sphere and detector is fixed. Therefore, the measured value obtained by the
detector is proportional to the radiative intensity I. Because the radiation is not directional,
the relationship between the emitted flux from the integrating sphere q and intensity I is
given by Equation (3).

q =
∫

2π

∫
π/2 I cos θ· sin θdθdϕ

= π I
(3)
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Figure 1. Schematic diagram of transmitted radiation measurement from a diffuser surface using
integrating sphere.

If the radiation escaping from the aperture is negligible, the amounts of radiation
entering the integrating sphere and being emitted are equal. Therefore, in a measurement
system using an integrating sphere, the hemispherical transmittance T can be obtained
using Equation (4):

T = Et/Ein (4)

where Ein is the measured value of the radiation passing through the integrating sphere
without a sample and Et is the measured value of the radiation through the sample and
integrating sphere. Because the measured values are proportional to the amount of detected
radiation energy, they are represented by the symbol E. Thus, to measure the hemispherical
transmission, the radiation has to diffuse in order to be detected by the photodetector and
thus would require a diffuser.

This study proposes a layer that includes a fluorescent material placed behind the
sample, as shown in Figure 2. The radiation transmitted through the sample penetrated the
fluorescent layer, which in turn emitted fluorescence. The emitted fluorescent radiation
is proportional to the excitation radiation incident on the material and is always isotropic.
Therefore, having a fiber to detect the emitted fluorescence would make it possible to
measure the hemispherical transmittance from Equations (1) to (4).



Appl. Sci. 2022, 12, 11521 4 of 12

Appl. Sci. 2022, 12, 11521 4 of 12 
 

isotropic. Therefore, having a fiber to detect the emitted fluorescence would make it pos-
sible to measure the hemispherical transmittance from Equations (1) to (4). 

As shown in Figure 3, the hemispherical transmittance T is calculated from Equation 
(5) using the fluorescent radiation measured when the excitation radiation is incident on 
a smooth glass slide at an incidence angle θin with reflectance R(θin) obtained from Fres-
nel’s law. 

𝑇𝑇 =
𝑞𝑞𝑠𝑠
𝑞𝑞𝑖𝑖𝑛𝑛

 

                                 =
𝑞𝑞𝑓𝑓∙𝑠𝑠

𝑞𝑞𝑓𝑓∙𝑖𝑖𝑖𝑖/{1 − 𝑅𝑅(𝜃𝜃𝑖𝑖𝑖𝑖)} 

               =
𝐸𝐸𝑓𝑓∙𝑠𝑠
𝐸𝐸𝑓𝑓∙𝑖𝑖𝑖𝑖

{1 − 𝑅𝑅(𝜃𝜃𝑖𝑖𝑖𝑖)} 

(5) 

where qf·in refers to the fluorescence flux generated by the excitation radiation incident on 
a smooth glass slide, and qf·s is the fluorescence flux generated by the excitation radiation 
transmitted through the sample placed on the glass slide surface. 

Hernández-Rivera et al. [25] also proposed a study using fluorescent films to examine 
the effectiveness of sunscreens. Although the concept is the same, our study details a pro-
cedure to calculate the hemispheric transmittance, an engineering index that can be ap-
plied to fields other than cosmetics from the measured data. 

 
Figure 2. Concept of a measurement method for transmitted radiation. 

 
Figure 3. Conversion procedure to hemispheric transmittance in the proposed method. 

3. Measurement System 
Figure 4a shows a detailed view of the region, where the incident excitation radiation 

was converted to fluorescence. The fluorescent layer was prepared by mixing powdered 
fluorescent material UV-G (TERRENAVI Co., Tokyo, Japan) and transparent UV-curable 
resin HI-LOCK UV-591 (Toho-Kasei Co., Tokyo, Japan). This fluorescent material emits 
green fluorescence (517 nm) by absorbing UV rays as the excitation radiation with a rec-
ommended wavelength in the range of 200–365 nm (Figure S1). Although UV-G was used 
as a target to evaluate the sunscreen agents in this study, it is also possible to measure the 
hemispherical transmittance at other wavelengths by selecting a fluorescent material that 
matches the measurement target. 

The viscosity of HI-LOCK UV-591 was reduced by heating it to approximately 70 °C 
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Figure 2. Concept of a measurement method for transmitted radiation.

As shown in Figure 3, the hemispherical transmittance T is calculated from Equation (5)
using the fluorescent radiation measured when the excitation radiation is incident on a smooth
glass slide at an incidence angle θin with reflectance R(θin) obtained from Fresnel’s law.

T = qs
qin

=
q f ·s

q f ·in/{1−R(θin)}

=
E f ·s
E f ·in
{1− R(θin)}

(5)

where qf·in refers to the fluorescence flux generated by the excitation radiation incident on a
smooth glass slide, and qf·s is the fluorescence flux generated by the excitation radiation
transmitted through the sample placed on the glass slide surface.
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Hernández-Rivera et al. [25] also proposed a study using fluorescent films to examine
the effectiveness of sunscreens. Although the concept is the same, our study details a
procedure to calculate the hemispheric transmittance, an engineering index that can be
applied to fields other than cosmetics from the measured data.

3. Measurement System

Figure 4a shows a detailed view of the region, where the incident excitation radiation
was converted to fluorescence. The fluorescent layer was prepared by mixing powdered
fluorescent material UV-G (TERRENAVI Co., Tokyo, Japan) and transparent UV-curable
resin HI-LOCK UV-591 (Toho-Kasei Co., Tokyo, Japan). This fluorescent material emits
green fluorescence (517 nm) by absorbing UV rays as the excitation radiation with a
recommended wavelength in the range of 200–365 nm (Figure S1). Although UV-G was
used as a target to evaluate the sunscreen agents in this study, it is also possible to measure
the hemispherical transmittance at other wavelengths by selecting a fluorescent material
that matches the measurement target.

The viscosity of HI-LOCK UV-591 was reduced by heating it to approximately 70 ◦C in
a hot water bath so that UV-G could be sufficiently dispersed while stirring, suppressing the
inclusion of air bubbles. The mixture of resin and fluorescent material was sandwiched be-
tween two glass slides and cured or, in other words, the mixture was hardened by exposure
to UV light. The curing process fixes the fluorescent material within the resin. Consequently,
the fluorescent material remains uniformly dispersed, ensuring the generation of uniform
fluorescence irrespective of the direction of the excitation radiation.
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The glass slides used in this study were 1 mm thick soda-lime glass slides. Generally, 
soda-lime glass does not have high transmittance for radiation that has wavelengths in 
the range of 400 nm or less. Figure 5 shows the spectral transmittance of the glass slides 
used in this study and that of the UV-curable resin. For the UV-curable resin, the trans-
mittance dropped sharply for radiation wavelengths below 400 nm and was approxi-
mately 50% at 375 nm. In contrast, the transmittance of the resin was more than 80% at 
approximately 517 nm, the wavelength of fluorescence, and was sufficiently detectable by 
our system. Because the transmittance of the glass slide used in the experiments was more 
than 90% for radiation with a wavelength of 375 nm, it is expected to decrease the amount 
of fluorescent radiation and thus will put a limit on the detectable limits. 

Figure 4. (a) Detailed view of the site where incident excitation radiation is converted to fluorescence.
1: detector, 2: sharp cut filter, 3: fluorescent layer, 4: glass plate, 5: diffuse material. (b) Exper-
imental configuration for measuring the transmitted radiation. 1: detector, 2: sharp cut filter, 3:
measured object, 4: aperture, 5: collimate lens, 6: special filter (pinhole, ϕ10 µm), 7: light chopper, 8:
semiconductor laser.

Figure 4b shows the overall experimental configuration for measuring the fluorescent
radiation. A semiconductor laser emitting UV rays (375 nm, TC20-3720-15, NEOARK
Corporation, Tokyo, Japan) was used as the light source. The laser beam was expanded by
a beam expander so that the beam had a uniform intensity. An aperture of 10 mm diameter
was used to create uniform illumination on the sample surface. Thus, as there is also a
zero gap between the sample and the fluorescent material, we can say approximately that
the size of the beam incident on the sample surface with a fluorescent layer was 10 mm.
This beam, 10 mm in diameter, was incident on the sample surface with a fluorescent
layer. The diffuse material as the sample should be applied to a uniform thickness on the
surface of the glass slide as shown in Figure 4a. While UV radiation passed through the
fluorescent layer, we detected the emitted fluorescent radiation through a sharp cut filter
(SCF-50S-42L, Sigmakoki Co., Ltd., Tokyo, Japan) and an optical fiber probe with a receiving
lens with a narrow view angle (0.6 × 10−3 sr) (fiber collimator, C-OPCL05G-001/101-L=2,
Nippon Sheet Glass Co., Ltd., Tokyo, Japan). The view area on the glass slide surface was
approximately 2 mm in diameter. The sharp cut filter was used to remove the excitation
radiation transmitted through the fluorescent layer. The light collected by the optical fiber
probe was detected by a photomultiplier tube (R374, Hamamatsu Photonics, Shizuoka,
Japan) at a specific frequency of a light chopper placed in front of the laser source. A lock-in
amplifier (LI5640, NF Corporation, Kanagawa, Japan) was used to selectively measure the
signal that varied at the chopper frequency, rejecting the detected signal at other frequencies,
and thus removing noise. The output value of the lock-in amplifier yields the hemispherical
transmittance obtained using Equation (5).

The glass slides used in this study were 1 mm thick soda-lime glass slides. Generally,
soda-lime glass does not have high transmittance for radiation that has wavelengths in the
range of 400 nm or less. Figure 5 shows the spectral transmittance of the glass slides used
in this study and that of the UV-curable resin. For the UV-curable resin, the transmittance
dropped sharply for radiation wavelengths below 400 nm and was approximately 50% at
375 nm. In contrast, the transmittance of the resin was more than 80% at approximately
517 nm, the wavelength of fluorescence, and was sufficiently detectable by our system.
Because the transmittance of the glass slide used in the experiments was more than 90% for
radiation with a wavelength of 375 nm, it is expected to decrease the amount of fluorescent
radiation and thus will put a limit on the detectable limits.

However, such effects could be considerably reduced by slide glasses made of quartz
which has much higher transmittance over a wider range of UV wavelengths. For example,
the report on the effectiveness of different substrate materials for in vitro sunscreen tests
mentioned that the application of sunscreen products on roughened quartz plates was
performed efficiently [26]. As the main focus of this study is the demonstration of the
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technique itself, we would like to point out that even having a glass slide makes the
measurement possible as shown later.
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Figure 5. Spectral transmittance of the glass slide and UV curable resin used in this study. Both were
1 mm thick, and the V-630BIO spectrophotometer (JASCO Corporation, Tokyo, Japan) was used for
the measurements.

4. Validation of Proposed Method
4.1. Validation Procedures

While the amount of fluorescence emission is proportional to the amount of absorbed
UV energy, the amount of absorbed UV energy depends on the distance or thickness that
the UV radiation travels through the fluorescent layer. To include the physical distance
and characteristics of the material, a dimensionless parameter called the distance index or
thickness index τwas introduced, which is the product of the extinction coefficient β and
the physical distance of radiation traveling through the fluorescent layer x, as shown in
Equation (6). The units of β and x are mm−1 and mm, respectively:

τ =
∫ x

0
β dx (6)

The distance of the UV radiation traveling through the fluorescent layer is determined
by the incident angle of the UV radiation. Thus, the measured fluorescence intensity could
differ depending on the incident angle of the UV radiation, even at the same incident
energy. For this method to be effective, irrespective of the incident angle, when the amount
of energy incident on the fluorescent layer is the same, the same fluorescence intensity must
be measured.

In practical applications, UV radiation is incident on the fluorescent layer in various
directions because it is transmitted through scattering materials, such as sunscreen. There-
fore, the validity of this system was evaluated by both numerical analysis and experimental
measurement of the amount of fluorescence generated when the UV radiative energy Eet
was incident on a fluorescent layer with a thickness index τf at different incident angles.

4.2. Experiments

The fluorescence intensity was measured when the UV radiation was incident on the
fluorescent layer at different incident angles. Fluorescent layers with two different mass
concentrations of 33 wt% and 20 wt% of fluorescent materials with the same thickness
of 1 mm were prepared for the preliminary experiment. These two fluorescent layers
were examined to determine whether the generated fluorescence intensity was constant
regardless of the incident angle of the excitation UV radiation. The UV excitation energy
was kept constant. Because the physical properties of the fluorescent layer for UV radiation
are unknown, the radiative properties of the prototype fluorescent layers were estimated
by comparing the experimental and analytically calculated results.
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4.3. Numerical Analysis

Although the analytical model established in this study is not necessarily precise,
it can verify the feasibility of the developed method and clarify the feasible conditions.
The numerical model is composed of a fluorescent layer of a continuous medium with
a thickness index of τf; the radiation is scattered and/or absorbed in this medium. The
refractive index of the fluorescent layer is assumed to be 1.65, which is the same as that of
the UV-curable resin used. At the interface between the layer and air (n = 1.0), differences in
the indices generate Fresnel reflections at the surface. Although the actual fluorescent layer
is sandwiched between glass slides, the effect of the glass slides can be omitted because
they have almost the same refractive index as the resin. Propagations of UV radiation
and fluorescence within the layer are described by radiation transfer Equations (7) and (8),
respectively [27] (Figure S2):

dIe(τ, Ω)

dτ
= −Ie(τ, Ω) +

ωe

4π

∫
4π

Ie
(
τ, Ω′

)
Φ
(
Ω′ → Ω

)
dΩ′ − (1−ωe) Q·I f (τ, Ω) (7)

dI f (τ, Ω)

dτ
= −I f (τ, Ω) +

ω f

4π

∫
4π

I f
(
τ, Ω′

)
Φ
(
Ω′ → Ω

)
dΩ′ (8)

where Ω is a unit vector representing the propagation direction of the radiation, and τ
is the coordinate along the direction of the distance index. Ie is the intensity of the UV
radiation propagating within the layer. If is the intensity of the fluorescent radiation in the Ω

direction that is produced by absorbing excitation radiation when Ie passes the microvolume
at position τ in the Ω direction, and ω is the albedo, which is defined as follows. The
radiation intensity decreases as the radiation passes through the scattering/absorbing
medium according to the extinction coefficient β, which can be expressed by Equation (8),
where σ is the scattering coefficient and α is the absorption coefficient. The albedo ω is
defined by Equation (9):

β = σ + α (9)

ω =
σ

β
(10)

In other words, the albedoω, is the fraction of the amount of scattered radiation out
of the absorbed excitation radiation as it propagates within the medium. ωe is the albedo
of the excitation radiation, whereas ωf is that of the fluorescent radiation. Fluorescent
materials absorb only the UV radiation; the generated fluorescence is not absorbed but
scattered. Therefore, the albedo of the fluorescent layer was assumed to beωf = 1.

Q is the fluorescence yield, which describes the probability of the material emitting
fluorescence when an activated atom returns to the ground state. Although the actual
fluorescence yield Q of this fluorescent material is unclear, the ratio of the measured fluo-
rescence intensity is not affected by the value of Q. Therefore, the analysis was performed
as Q = 1. Generally, fluorescence is assumed to be emitted isotropically. When UV radiation
and fluorescence are scattered in the fluorescent layer, they are assumed to be anisotropic
scattering and follow the Henyey–Greenstein function Φ(Ω′→Ω). The scattering phase
function depends on the wavelength of the radiation. However, the difference in the
scattering phase functions between the excitation radiation and fluorescence is considered
negligible because these radiations are scattered many times within the fluorescent layer.
Therefore, the same scattering phase function was assigned to both types of radiation in
this model. Similarly, because the distance index τ also depends on the wavelength, it is
necessary to define different distance indices for the excitation radiation and fluorescence.
However, the same distance index τ was applied to both types of radiation to simplify the
numerical model.
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5. Results and Discussions
5.1. Regarding the Validation

Figure 6 shows the experimental results of the measured fluorescence intensity for
the two fluorescent layers normalized with θin = 0◦. The radiative properties of the two
prototype fluorescent layers were estimated by fitting the analytical results to the exper-
imental results. The thickness index of the fluorescent layer ωf and asymmetry factor g
in the Henyey–Greenstein function used to determine the scattering direction of the fluo-
rescent layer are listed in Table 1. According to Table 1, the estimated results were within
reasonable ranges. The reasons are as follows. First, the thickness and distance indices
are proportional to the extinction coefficient, as shown in Equation (6). The extinction
coefficient is also proportional to the concentration of the mixture or the material. The
thickness indices of the fluorescent layers at two different concentrations were estimated to
be approximately double.
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Table 1. Estimated radiative properties of the fluorescent layer produced in preliminary experiments.
ωe is albedo of the fluorescent layer for the excitation radiation; τf is a thickness index of the
fluorescent layer; g is the asymmetric factor of the scattering phase function for both excitation
radiation and fluorescence.

Fluorescent Material Concentration in Fluorescent Layer

20 wt% 30 wt%

ωe 0.992 0.992
τf 0.18 0.35
g 0.75 0.65

Figure 7 shows the results of three relationships analyzed numerically: incident
angle, thickness index of the fluorescent layer, and fluorescence intensity. The reason
for this numerical analysis is that the fluorescence intensity is affected by the distance
taken by the UV radiation through the fluorescent layer, and this distance depends on the
incident angle. When the thickness index of the fluorescent layer was small, the generated
fluorescence intensity was highly dependent on the incident angle of the UV radiation. The
generated fluorescence intensity was significantly affected by the albedo; the lower the
albedo, the greater the absorption of the UV radiationωe. On the other hand, the generated
fluorescence intensity was independent of the incident angle of the UV radiation when the
thickness index of the fluorescent layer was greater than τf = 6.0 for any albedoωe values.
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The results shown in Figure 7 indicate that when the thickness index of the two
prototype fluorescent layers is too thin, it is difficult to correctly obtain hemispherical
transmittance. However, for a comparison of the amount of fluorescence generated when
the same fluorescent layer was used in the measurement, the same ratio of fluorescence
was generated, with the direction of propagation of the excitation radiation being the same.

Based on Figure 7, to measure the hemispherical transmittance using the proposed
system, the thickness index of the fluorescent layer must be greater than that of the proto-
type. The thickness index can be adjusted by increasing the concentration of the fluorescent
layer or increasing the actual thickness of the layer.

5.2. Evaluation of Sunscreens

As mentioned above, it is possible to compare the amount of UV energy reaching the
fluorescent layer when the same fluorescent layer is used. Therefore, a prototype with a
thickness index of approximately 0.4 for the fluorescent layer used in the previous section
was tested to evaluate the performance of the sunscreens. The results were compared
with those obtained using the classic integrating sphere method. UV radiation at 375 nm
was used for this experiment. Because the shielding effect against this wavelength is
indicated by the PA or UVAPF values, sunscreens with the same SPF and different PA levels
were selected as much as possible. Figure 8 shows the UV transmission characteristics of a
10 µm-thick coating applied onto the fluorescent layer using a film applicator and irradiated
with UV radiation and transmittance at 375 nm measured by the classic integrating sphere
method. Because it is incorrect to term this result as the hemispherical transmittance, the
measured values were labeled as the “amount of transmitted UV” and the unit was set to
a.u. Although the proposed measurement method and classical integrating sphere method
cannot be directly compared because of the difference in units, results with similar trends



Appl. Sci. 2022, 12, 11521 10 of 12

were obtained. The measurement results showed that some products claiming UV shielding
effectiveness had almost no effect, whereas others had the same shielding effectiveness,
even if the PA value was different. This could be attributed to the density of the sunscreen
agent. These differences affect the texture and spreadability on the skin or the test plate.
This could be the reason why the actual UV transmittance differs even though the same
UV shielding level is shown in the package. The effects of sunscreen spreadability and
application way onto the evaluation plate on the performance of sunscreens were raised by
Wakabayashi et al. [28] This issue needs to be addressed in the future.
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6. Conclusions

In this study, a measurement system for the hemispherical transmittance of materials
that scatter and absorb UV radiation, such as sunscreens, was proposed. Conventionally, an
integrating sphere was used to measure hemispherical transmittance. Here, we proposed a
fluorescent material instead of the integrating sphere for conducting hemispherical trans-
mittance measurements and demonstrated the application of the method in the evaluation
of sunscreens. The feasibility of the proposed system was verified both numerically and
experimentally to evaluate the amount of fluorescence generated by the excitation radiation
directly incident on the fluorescent material. Because the excitation radiation passing
through the scattering and absorbing material enters the fluorescent material in various
directions, for the method to be effective, the thickness index of the fluorescent layer must
be increased to 6.0 or more. The thickness index of the fluorescent layer can be increased by
increasing its concentration and/or actual thickness.

Supplementary Materials: The following supporting information can be downloaded from https://
www.mdpi.com/article/10.3390/app122211521/s1, Figure S1: (a) Absorption spectrum of the UV-G
fluorescent material obtained using a spectrophotometer. UV-G was dispersed in water at 0.2 wt% and
measured through a 10 mm size quartz cell. V-630BIO (JASCO Corporation, Tokyo, Japan) was used for
the measurement. (b) Emission spectrum of the fluorescent material UV-G at an excitation radiation of
375 nm obtained by absolute PL quantum yield measurement; measured using a C9920-02 (Hamamatsu
Photonics, Shizuoka, Japan) with air as the reference signal. Figure S2: Graphical description of Equations
(7) and (8). Radiation scattering, absorption, and fluorescence emission of the fluorescent layer. These
equations and figures illustrate the conservation of radiative energy for a small volume in a medium.
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Nomenclature

q radiative flux, W·m−2

I radiative intensity, W·m−2·sr−1

E radiation energy, W
Φ scattering phase function
Ω solid angle, sr
θ polar angle, degrees
ϕ azimuthal angle, degrees
n refractive index
τ coordinate along the direction of the distance and thickness indices of the fluorescent layer
ω albedo
β extinction coefficient, mm−1

σ scattering coefficient, mm−1

α absorbing coefficient, mm−1

x actual distance, mm
Q fluorescent yield
R hemispherical reflectance
T hemispherical transmittance

Subscripts
s scattering/absorbing sample
e excitation light
f fluorescent
t transmitted
in incident
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