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A B S T R A C T   

Individual dosimetry and the shielding of sun rays are needed for people in homes, at workplaces and vehicles 
when exposed to Ultraviolet Radiation (UVR) and/or Infrared Radiation (IR). Usually, the efficacy of Solar 
Protective Films (SPF) has been recognized as an important public health concern. So, this work aimed to verify, 
using the Design of Experiments (DoE) and Multiple Linear Regression (MLR) methods, the evaluation of solar 
films using the UV–Vis and NIR (Near Infrared) spectrophotometry technique for absorbance readings. In 
addition, the significance of the SPF manufacturing origin and glass color were evaluated. Four types of SPF, 
named G05, G20, G35 and WB, were tested and layered within dark and light glasses. The absorbance readings 
were used in a 2k factorial design analysis, then the one-way ANOVA Test and the Bonferroni Test were used to 
assess the statistical significance of each factor. The results showed that the statistical error, using the Root Mean 
Square Percentage Error (RMSPE) and the Mean Absolute Percentage Error (MAPE) methods, showed values less 
than 0.014% between the measured and the predicted ones, indicating excellent accuracy. In conclusion, DoE 
and MLR methods are suitable to be used in the investigation of the association between SPF and glass materials.   

1. Introduction 

Numerous researchers have demonstrated the harmful effects that 
Ultraviolet Radiation (UVR) can cause in biological tissues, highlighting 
that the most critical regions are comprised in the range of UVA: 400- 
315 nm; UVB: 315-280 nm; and UVC: 280-100 nm [1]. In these studies, a 
variety of consequences due to UVA exposure were emphasized, such as 
early aging (photoaging), skin cancer, aesthetic damage, sunburn and a 
plethora of physical and chemical reactions that can lead to temporary 
or permanent biological damage [2,3], i.e., vision loss due to direct sun 
exposure [4]. 

Several glass types can be used in vehicles and homes as a protection 
solution, aiming to reduce the overall exposure to UVR. Some of these 
glasses include tempered, annealed, soda lime, reflective, low emissiv
ity, laminate, and insulating types [5]. Each of them has specific char
acteristics about the way that it generates the protection factor, e.g., 
depending upon the user purpose, which can be the regulation of visible 
light to a chosen environment or the total blocking effect. Ergonomically 
speaking, glasses coupled in helmets of welding workers must provide a 

critical level of safety to their users regarding lighting blocking and 
lowering the overall ergonomic risk [6,7]. 

Moreover, studies on automotive glass demonstrated the need for 
research on radiation incidence control, being the development of new 
materials the most important area. As a result, the development of these 
new materials, they can help individuals not to be exposed to elevate 
levels of UVR during their lifetime, then preventing some of the previ
ously mentioned health problems [8–10]. 

The UV absorbances from the solar protective films associated with 
glass were evaluated using the 2k factorial design, which used as 
controllable factors the glass color and the solar protective films from 
four distinct manufacturers. Seeking to get a global picture over the 
various solar protective films evaluated, it was necessary to use all 
combinations. To this purpose, the 2k factorial design is useful, since it is 
a methodology that can provide predictive information about the 
experiment [11,12]. Consequently, this model can be associated with 
the Multiple Linear Regression method which also provides analytical 
information through a semi-empirical model. 

The aim of this work was to investigate for the first time, the use of 
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the Design of Experiments (DoE) and Multiple Linear Regression (MLR) 
methods in measurements with solar protection film in association with 
light and dark glasses, using as an evaluation technique the UV–Vis and 
NIR spectrophotometry. 

2. Physics and chemistry context 

The UV–Vis and NIR spectroscopy technique was used since it is a 
low-cost solution and a non-destructive test widely available [13–15]. It 
is well known that the proper design of lighting exposure in indoor 
environments reverberates in a multidimensional field, which covers a 
vast range of aspects, passing through the industry [16] and reaching the 
educational system as well [17]. So, the interaction of human activities 
with an environment must occur by means of adequate lighting condi
tions, as consolidated in the current literature [18]. 

In the physics context, there is one aspect that is customarily under- 
represented in the ergonomics community, which is the influence of UV- 
radiation exposure and its relations to worker safety [19]. A common 
misconception arises when one may think, erroneously, that a dark glass 
or any solar protection film can reduce UV-radiation, but this is not al
ways true. For example, the common silicate glass indeed allows the 
transmission of the UVR [16]. In other words, glasses may present 
higher transmittance and lower absorbance at a specific wavelength, or 
may even manifest a nonlinear behavior depending upon the glass is 

doped or not [20]. This phenomenon can be modeled by Lambert-Beer 
Law [21], as shown in Eq. (1); it predicts the quantity of absorbed (A 
= absorbance) or transmitted (T = transmittance) light in the medium 
(association with film and glass). The values were obtained, using: 

A= log 10

(
I0

I

)

= − log 10 T (1)  

where I0 and I are the incident and transmitted light intensities. The 

Fig. 1. Samples used in this work from left to right are: dark glass, light glass, WB, G35, G20 and G05. The samples G35, G20 and G05 were manufactured by 
Window premium® and the sample WB by Window blue®. Both types of glasses are commercial soda-lime. 

Table 1 
Factor definition for 2k factorial designs. The natural factors are solar protection 
films and glass, coded as factors A and B, respectively.   

Natural Factor  

Solar protection film Glass 
Natural level Type 1 Light 

Type 2 Dark 
Coded Factor  

A B 
Coded level − 1 − 1 

+1 +1  

Table 2 
General Contrast Matrix for 2k factorial design. The run means the possible 
combinations for factors A, B and AB. The absorbance response y is related to the 
effects measured in the UV–Vis spectrophotometer.  

Run x1 (A)  x2 (B)  x3 (AB)  yi  

1 − 1 − 1 +1 y1  

2 +1 − 1 − 1 y2  

3 − 1 +1 − 1 y3  

4 +1 +1 +1 y4   

Table 3 
All possible combinations between solar protection films and glasses can be 
observed. The determination of factors − 1 for the glass was for the lower 
absorbance values and +1 for the higher absorbance values. For the films, the 
values followed the same consensus, − 1 for lower absorbance values and +1 for 
the higher absorbance values.  

P1 = G20/G05 
G20 – G05 [-1 +1] and Light glass – 
Dark glass [ − 1 +1] 

P2 = G35/G05 
G35 – G05 [-1 +1] and Light glass – Dark 
glass [ − 1 +1] 

Run X1 X2 X1X2 Run X1 X2 X1X2 
1 G20 Light 

glass 
G20/ 
Light_glass 

1 G35 Light 
glass 

G35/ 
Light_glass 

2 G05 Light 
glass 

G05/ 
Light_glass 

2 G05 Light 
glass 

G05/ 
Light_glass 

3 G20 Dark 
glass 

G20/ 
Dark_glass 

3 G35 Dark 
glass 

G35/ 
Dark_glass 

4 G05 Dark 
glass 

G05/ 
Dark_glass 

4 G05 Dark 
glass 

G05/ 
Dark_glass 

P3 = WB/G05 
WB – G05 [-1 +1] and Light glass – 
Dark glass [ − 1 +1] 

P4 = G35/G20 
G35 – G20 [-1 +1] and Light glass – Dark 
glass [ − 1 +1] 

Run X1 X2 X1X2 Run X1 X2 X1X2 
1 WB Light 

glass 
WB/ 
Light_glass 

1 G35 Light 
glass 

G35/ 
Light_glass 

2 G05 Light 
glass 

G05/ 
Light_glass 

2 G20 Light 
glass 

G20/ 
Light_glass 

3 WB Dark 
glass 

WB/ 
Dark_glass 

3 G35 Dark 
glass 

G35/ 
Dark_glass 

4 G05 Dark 
glass 

G05/ 
Dark_glass 

4 G20 Dark 
glass 

G20/ 
Dark_glass 

P5 = G20/WB 
G20 – WB [-1 +1] and Light glass – 
Dark glass [ − 1 +1] 

P6 = G35/WB 
G35 – WB [-1 +1] and Light glass – Dark 
glass [ − 1 +1] 

Run X1 X2 X1X2 Run X1 X2 X1X2 
1 WB Light 

glass 
WB/ 
Light_glass 

1 G35 Light 
glass 

G35/ 
Light_glass 

2 G20 Light 
glass 

G20/ 
Light_glass 

2 WB Light 
glass 

WB/ 
Light_glass 

3 WB Dark 
glass 

WB/ 
Dark_glass 

3 G35 Dark 
glass 

G35/ 
Dark_glass 

4 G20 Dark 
glass 

G20/ 
Dark_glass 

4 WB Dark 
glass 

WB/ 
Dark_glass  
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measurements are taken in a spectrophotometer equipment, utilized in 
areas such as Chemistry, Physics and Biology, because it is a non- 
invasive and non-destructive technique. 

Notably, many factors can influence the effectiveness of the UVR 
blocking capabilities, in the context of the combined use of glass and 
solar protective films. Some of these factors include the manufacturer 
origin, the chemical constitution, the thickness, the non-transparent 
state, the opacity level, the coating and thermal treatments of both 
glass and solar protective films, and so on. Since the solar films’ pro
tective efficacy can vary as a function of the above-cited factors, this 
work sought to quantify the effects of the glass color and the manufac
turer type on the blocking power of UV-radiation using the measured 
absorbance response curve [22,23]. 

The UVR protection films combined with glass can be used either in 
homes, workplaces, or in vehicles; they are mostly made of multiple 
layers of polyethylene terephthalate [14]. The association of tempered 

glass and films according to research confirms their effectiveness in 
blocking rays [15]. 

3. Materials and methods 

For this work, four solar protection film samples were used and 
named, from here forth, as G05, G20, G35 and WB, the three first 
manufactured by Window premium® and the fourth one by Window 
blue®. These acronyms were derived from their respective commercial 
names. According to the manufacturer, they can provide the blocking of 
UVR at the levels of 99% for G05, G20, G35, and 100% for WB. Also, the 
samples G05, G20, G35 present shades of black and with intensities in 
Visible Light (Vis) of 95%, 80% and 65%, respectively. For the Infrared 
Radiation (IR) protection , the manufacturer informs that they block 
90%, for G05, G20, G35, and 99% for WB. The SFP sample dimensions 
were 1.0 × 3.0 cm2, and the UV–Vis/NIR spectrophotometer (Genesys 
UV–Vis 10S) readings were taken on an optical step of 1 nm, ranging 
from 400 nm to 1100 nm. 

For the Design of Experiments (DoE) method, it is possible to esti
mate quantitively the influence of the controllable variables, also known 
as factors, over the response value, using the Multiple Linear Regression 
method, as shown in Section 3.1. This work, through DoE, was used to 
optimize the experimental setup to cover all combinations two-by-two. 

3.1. Experimental setup 

Seeking to assess the effectiveness of the solar protective films 
regarding their capability on blocking UVR, Vis and IR rays, two 
constitutive variables were selected: the glass color, coded as “factor – 
A′′ and the solar protective film of G05, G20, G35, and WB, coded as 
“factor – B”. Besides, to emulate the ex-situ condition as a proxy to the 
operational conditions in which these solar protective films are used, an 
association was made between the solar protection film and the glasses. 
Two types of glasses were used in superposition with the solar protective 
films, the first glass being light, and the second one named dark glass, 
also called commercial soda-lime glass (Fig. 1); its physical and chemical 
properties can be found in the literature [24]. 

Table 1 shows the factors and their respective organization. Factor A 
corresponds to the solar protective films named as Type 1 and Type 2, 
and their coded levels − 1 and +1. Factor B corresponds to the glasses 

Fig. 2. Absorbance versus wavelength in the evaluated region with high Signal- 
to-noise (SNR) ratio. 

Fig. 3. Absorbance versus wavelength, UV–Vis spectra, in the ROI region for 
G05, G20, G35 and WB, SPF samples, and its RMS values. The uncertainty of the 
measurements obtained was lower than 1%. The uncertainty was of type C, 
which considers the Root sum Squared (RSS) of the uncertainties A (from 
measurements) and the uncertainties B (from equipment). 

Fig. 4. Comparison between the light and dark glass samples, for absorbance 
versus wavelength, UV–Vis/NIR spectra, in the ROI region, and their RMS 
values. The uncertainty of the measurements obtained was lower than 1%. The 
uncertainty was of type C, which considers the root sum squared (RSS) of the 
uncertainties A (from measurements) and the uncertainties B (from equipment). 
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coded as − 1 for dark glass and +1 for light glass. 
Table 2 shows all combinations of low and high factor treatments 

(associated with absorbance measurements) which were designated as 
experimental runs. This order is standard, and it was used to describe 
treatment combinations. 

Therefore, for the measurements in the spectrophotometer six 
combinatorial tables were obtained by making the interleaving of films 
and glasses (Table 3). They were designated by pairs (P) making all 
interactions between the film and glass samples as follows: P1:G05/G20; 
P2:G05/G35, P3:G05/WB, P4:G20/G35, P5:G20/WB and P6: G35/WB. 

The Root Mean Square (RMS) value for each run was determined 
using Eq. (2). 

RMS(i, j)=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1
(k − n)

∑k

n
A2

k,j

√
√
√
√ (2)  

where (k − n) is the total number of samples covering the region of in
terest (ROI) from n = 400 nm up to k = 1100 nm, for G05, G20, G35 and 
WB samples; and all with a discrete optical step of 1 nm, Ak,j is the 
corresponding absorbance obtained from the spectrophotometer mea
surements at the optical length k to the j’th triplicate. The measurement 
uncertainty, ei, to the i’th run was taken as the maximum standard de
viation between RMS(i, j), and the RMS(i, j) (mean value) as shown in Eq. 
(3): 

ei = max
1≤j≤3

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑N=3

j=1

(
RMS(i, j) − RMS(i, j)

)

N − 1

√
√
√
√

(3)  

where j indicates the triplicate measurements from absorbance mea
surements. 

The yi entries in Table 2 (last column) were taken as the mean value 
of the Root Mean Square (RMS) value derived from the broad range 
absorbance spectra taken in triplicate. As a result, each yi was calculated 
using Eq. (4): 

yi =
1
T

∑T=3

j=1
RMS(i, j) (4)  

where T = 3 represents the triplicate measurements, i = 1 up to 4, and j 
= 1 up to 3 represent the triplicate measurements in relation to the i’th 
run. 

This same procedure was undertaken for each P’th pair, P1:G05/ 
G20; P2:G05/G35, P3:G05/WB, P4:G20/G35, P5:G20/WB and P6: G35/ 
WB. 

3.2. Design of Experiments (DoE) 

As mentioned, the DoE method employed was the full 2k factorial 
design: the 2k stands for an experimental setup, which is designed with k 
= 2 controllable factors and each factor has two levels. The main goal of 
the DoE is to adjust an analytical model, which provides quantitative 
information about the system response as a function of the combined 
variation of the input factors. 

The 2k factorial design is adequate to perform analyses when there 

Fig. 5. UV–Vis spectra for glass samples associated with solar protective films 
(G05, G20, G35 and WB): absorbance versus wavelength for: a) Light glass and 
b) Dark glass. The uncertainty of the measurements obtained was lower than 
1%. The uncertainty was of type C, which considers the root sum squared (RSS) 
of the uncertainties A (from measurements) and the uncertainties B 
(from equipment). 

Table 4 
Factorial design matrix with measurements (run: 1 to 4) and pairs P1: G05/G20; P2: G05/G35, P3: G05/WB, P4: G20/G35, P5: G20/WB and P6: G35/WB. The RMS 
values from absorbance measurements for each glass and film group can be observed.  

Run X1 X2 X1X2 P1 P2 P3 P4 P5 P6 

G20/G05 G35/G05 WB/G05 G35/G20 WB/G20 G35/WB 

1 − 1 − 1 +1 0.4821 ± 0.0010 0.3653 ± 0.0001 0.6126 ± 0.0109 0.3653 ± 0.0001 0.6126 ± 0.0109 0.3653 ± 0.0001 
2 +1 − 1 − 1 0.8607 ± 0.0011 0.8607 ± 0.0011 0.8607 ± 0.0011 0.4821 ± 0.0010 0.4821 ± 0.0010 0.6126 ± 0.0109 
3 − 1 +1 − 1 0.6293 ± 0.0001 0.4734 ± 0.0015 0.7680 ± 0.0011 0.4734 ± 0.0015 0.7680 ± 0.0011 0.4734 ± 0.0015 
4 +1 +1 +1 1.0008 ± 0.0012 1.0008 ± 0.0012 1.0008 ± 0.0012 0.6293 ± 0.0001 0.6293 ± 0.0001 0.7680 ± 0.0011  
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are several experimental interactions between the relevant controllable 
variables, or factorsX, that can produce a variation on the system 
response, y. Montgomery and Runger [11] state that the factorial design 
can be expressed in terms of a Multiple Linear Regression (MLR) model. 
Since the number of measurements, n = 4, is greater than the number of 
regressive variables, a model representing the absorbance originated 

from the interaction between glasses and protective films can be set 
properly using Eq. (5): 

yi = β0 + β1xi1 + β2xi2 + ⋯ + βkxik + εi (5)  

where yi represents the model’s output according to “n” taken mea
surements with i = 1, 2, …, n, xi1 represents the coded factor A, xi2 

Table 5 
Significance effect values from each group according to the 22 factorial design. The values of the non-standardized effects A, B and AB, from Eq. (8). These effects were 

standardized from Eq. (9). The standard error for non-standardized values was obtained as: E = σ̂
̅̅̅̅̅̅̅̅
1

n2k

√

, where E is the standard error, σ̂ is the mean square error, n is 

the number of replicas, e k is the number of levels for the DoE. The standard error for standardized values was obtained as: E = Zα

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
α(1 − α)

n

√

, where E is the standard 

error, Zα is the value for the normal distribution for the level of significance α, (1 − α) is the confidence level (95%), and n is the number of samples.   

Non-standardized effects 

P1 P2 P3 P4 P5 P6 

A 0.3751 ± 0.0703 0.5114 ± 0.0703 0.2404 ± 0.0703 0.1363 ± 0.0703 − 0.1346 ± 0.0703 0.2710 ± 0.0703 
B 0.1436 ± 0.0002 0.1241 ± 0.0002 0.1477 ± 0.0002 0.1277 ± 0.0002 0.1513 ± 0.0002 0.1317 ± 0.0002 
AB − 0.0036 ± 0.0003 0.0160 ± 0.0003 − 0.0077 ± 0.0003 0.0196 ± 0.0003 − 0.0041 ± 0.0003 0.0237 ± 0.0003 
Standardized effects 
A 1.0654 ± 0.0725 1.1296 ± 0.0723 0.9062 ± 0.0644 0.6429 ± 0.0487 − 0.9697 ± 0.0675 1.0392 ± 0.0711 
B − 0.1471 ± 0.0113 − 0.3573 ± 0.0279 0.1667 ± 0.0130 0.5092 ± 0.0390 1.0277 ± 0.0706 − 0.0836 ± 0.0081 
AB − 0.9183 ± 0.0650 − 0.7723 ± 0.0278 − 1.0729 ± 0.0129 − 1.1521 ± 0.0390 − 0.0580 ± 0.0706 − 0.9556 ± 0.0081  

Fig. 6. Normal percentiles versus Z-score from the groups P1: G05/G20; P2: G05/G35, P3: G05/WB, P4: G20/G35, P5: G20/WB and P6: G35/WB. The results for 
effects A, B and AB also are presented. 
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represents the factor B, and xi3 represents the AB interaction. Equation 
(5) can be expressed in a matrix form, shown by Eqs. (6) and (7), 
respectively: 

y=Xβ + ε (6)  

where in Eq. (6) the terms correspond to: 

y =

⎡

⎣
y1
⋮
yn

⎤

⎦; ​ X =

⎡

⎣
1 ⋯ x1k
⋮ ⋯ ⋮
1 ⋯ xnk

⎤

⎦;

β =

⎡

⎣
β0
⋮
βk

⎤

⎦ ​ and ​ ε =

⎡

⎣
ε1
⋮
εn

⎤

⎦

(7) 

Based on the regression coefficients β1, β2 and β3 and from the 
Montgomery and Runger definition [11], ε is error, the effects of A, B, 
AB were calculated as the double of the regression coefficients β1, β2 and 
β3 respectively. The β0is the global mean; then, according to Mont
gomery and Runger [11], applying the MLR method, it is possible to find 
the regression coefficients β through the estimator β̂, which can be 
written as Eq. (8): 

β̂ =(X′ X)− 1X′ y (8)  

where X′ and (X′X)− 1 are the transposed and inverse matrices, respec
tively. As seen, from the values of the regression coefficients, it is 
possible to determine an analytical model for the system under study. 

Montgomery and Runger [11] suggested that the regressors must be 
standardized using the z-score, see Eq. (9). The new values in the 
mapped z-score space allow a fair comparison of the same effects, A, B 
and AB within different experimental setups. Moreover, this procedure 
seeks to highlight the most significant effects when their values are 
plotted on a cumulative normal percentile graph. 

zi =
(

βi − μ
(

β̂
))/

σ
(

β̂
)

(9)  

where μ is the mean value operator, σ is the standard deviation operator, 
zi is the standardized effect, with i = 1, 2 and 3 corresponding to the 
effects A, B, AB respectively. 

3.3. Inferential statistical analysis 

The one-way analysis of the variance test, or one-way ANOVA test, 
was used to verify if the solar protection film types: G05, G20, G35, and 
WB, coded previously as the Effect – A was statistically significant, with 
relation to the mean net absorbance readings, given by Eq. (10): 

Ak =
1
T
∑T=3

j=1
Ak,j (10)  

where Ak is a vector corresponding to the mean absorbance readings 
from the triplicates, along with an ROI varying from k = 400 nm up to 
1100 nm, for G05, G20, G35, and WB samples, and simultaneously 

Fig. 7. Response surface of y (MLR output), showing the sensitivity of this function in relation to effects A and B.  
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encompassing all the j’th samples for each triplicate. 
The mean absorbance of each solar protective film was identified by 

μgwhere μg = μ((Ak)
g
), with μ representing the mean operator and g 

representing a sample from the set g = {G05, G20, G35, WB}The 
employed ANOVA statistical test of significance is given as follows, Eq. 
(11): 
{

H0 : μ1 = μ2
H1 : μ1 ∕= μ2

(11) 

This test can be understood as: given a null hypothesis, H0, that is 
true, if and only if, the mean values μ1 and μ2 derived from normal 
distributions are equal under a certain level of uncertainty, expressed 
through the p-value. The p-value adopted in this work was set as 0.05. A 
p-value < 0.05 implies the rejection of the null hypothesis, leading to the 
adoption of H1, informing that the sample data are not derived from the 
same normal distribution, thus making the leading factor to be statisti
cally significant. 

Since the one-way ANOVA test only reveals if there is a significant 
difference between the mean values of the factors, the two-way Bon
ferroni Test was used to identify within the two factors, which are those 
that show the greatest significance difference in terms of the mean value. 

3.4. Validation of DoE and MLR methods 

When applying the DoE and MLR methods, the responses will be the 
predicted values and real values from the absorbances values from the 
UV–Vis/NIR equipment. To validate the methods the statistical error 
metrics were used, such as the Root Mean Square Percentage Error 
(RMSPE), Eq. (12), and the Mean Absolute Percentage Error (MAPE), Eq. 
(13), as follows: 

RMSPE =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1
n

∑n

i=1

⎛

⎝yi − ŷi

yi

⎞

⎠

2
√
√
√
√
√ x100% ​ (12)  

MAPE=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1
n
∑n

i=1

⃒
⃒
⃒
⃒
⃒
⃒

yi − ŷi

yi

⃒
⃒
⃒
⃒
⃒
⃒

√
√
√
√
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where yi are the real values, ŷi are the predicted values, and n is the 
number of data used in the prediction. The RMSPE and MAPE error 
metrics were used as a benchmarking criterion for the goodness of the 
fitting characteristics for the predicted values such as: < 10% highly 
accurate, 10%–20% good, 20%–50% reasonable, > 50% inaccurate 
[24]. These statistical error metrics are used to calculate the forecast 
power, to estimate the performance and reliability of the model 

Fig. 8. Boxplot of the absorbance versus WB, G35, G20 and G05 solar protective film samples and glasses. Results for the medians were placed in ascending order for 
the pairs G35, G20 and G05, and for WB the increase can be observed through the change in each graph such as: a) no glass, b) light glass and c) dark glass. 

E. Oliveira do Nascimento et al.                                                                                                                                                                                                             



Journal of Luminescence 242 (2022) 118558

8

employed to make the predictions. 

4. Results and discussion 

4.1. Absorbance analysis 

Measurements in the region comprised between 190 nm and 380 nm 
were performed for the SPF + dark and light glass samples. For these 
associations, this region presents higher absorbance values for the 
detection limit of the UV–Vis/NIR equipment, and these values also 
contain the influence of noise/signal from the analyzed region; these 
effects would be inappropriate to the methods applied in the results of 
scientific research; therefore, this region (190 nm–380 nm) was 
removed from results. Fig. 2 presents absorbance versus wavelength in 
the region with noise; similar results were obtained with the other 
samples of glass and SPF. 

Fig. 3 shows the comparison of absorbance spectra from solar pro
tective films without any glass layering. As observed, there is a notable 
similarity in terms of curve shapes to the films G05, G20 and G35. For 
the film WB, in the visible region, low absorbance values are noted, that 
is, an almost transparent film, and in the posterior region, 800 nm–1100 
nm, the values increase because this film blocks the infrared rays in 
100%. The absorbance values in the visible region are decreasing in 
relation to the films G05, G20 and G35, as they let the incident light pass 
through 95%, 80% and 65% respectively. In the ultraviolet region, these 
rays are practically blocked and in the infrared the absorbance values 
tend to be zero. On the other hand, the absorbance magnitude expressed 
in terms of the RMS value varied significantly as: 0.8224 ± 0.0011, 
0.4359 ± 0.0018, 0.3186 ± 0.0001, 0.5707 ± 0.0012 for G05, G20, G35, 
and WB SPF respectively. This result shows descriptively that the 
manufacturer’s origin provided a substantial influence on Vis and NIR 
region. Typical measurements of SPF and glasses have been reported on 
various types of materials. The results presented in the literature [25,26] 
are adequate and demonstrate that they can be obtained by measuring 
the Vis and NIR regions, as shown in this work (Fig. 3). 

4.2. Combined analysis 

Differently from Section 4.1, the results are now presented consid
ering the layering of glass types, that could be light or dark, with the 
solar protective film types grouped as G05, G20, G35, and WB. Fig. 4 
shows only the glass without the layering with solar protective films. For 

Fig. 9. Bonferroni Test, mean values of each group WB, G35, G20 and G05. The 
horizontal line for each element of the group is the mean value, if these hori
zontal lines have their disjoint intervals then they are significantly different, 
otherwise they are not significantly different. The possibilities of samples with 
glasses are: a) no glass, b) light glass and c) dark glass are shown. 

Fig. 10. Root Mean Square Percentage Error (RMSPE), and Mean Absolute 
Percentage Error (MAPE) versus pairs (P1, P3, P4, P2, P5 and P6) in increasing 
order of their values compared to statistical error methods. 
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light and dark glasses, the absorbance, RMS values at all wavelengths 
are less than 0.12 and 0.34; 0.0747 ± 0.0001, 0.2516 ± 0.0016, 
respectively. For the Vis region, the contribution of the absorbance 
values of dark glass is significant, and in the NIR region, dark glass 
shows a larger contribution than light glass. In the case of the absor
bance values for the light glasses, there is a contribution in the region 
between 0.0410 and 0.0810 of absorbance; in the Vis and NIR regions, 
the values are then between 0.0820 and 0.1130, respectively. These 
results show the contribution of glasses to the evaluation of the associ
ation of glasses and films. New materials have been evaluated to be used 
as solar protection film [27,28], and the results demonstrate the interest 
in the Vis and NIR spectral regions as adopted in this work. 

Fig. 5a and b shows the spectra measurements derived from all 
combinations of glasses and solar protective films taken at a specific ROI 
(ranging from 400 nm to 1100 nm). These results indicate that both light 
and dark glasses in association with solar protective films produced in 
the ROI have different RMS values. The samples G05, G20 and G35 are 
more efficient in the Vis region, showing discrete values according to 
their tones. The WB sample is more efficient in the NIR region than the 
Vis region. As can be seen, at a global level, using the RMS values from 
the light and dark glass groups as a metric, the dark glass in combination 
with the solar protective films, Fig. 5b, showed larger absorbance values 
than the light glasses, Fig. 5a. The relative percentages for associations 
with SPF and dark glasses compared to SPF and light glasses were 14%, 
23%, 23% and 20% for G05, G20, G35 and WB, respectively. These 
results can be misleading, ever since users may consider that dark ma
terials provide better photoabsorption properties. The definition of the 
ROI, the opacity of the samples and the evaluations of the absorbances, 
are in agreement with previous works found in the literature [29]. 

Table 4 shows the RMS values of absorbance measurements for each 
SPF and glass group: P1, P2, P3, P4, P5, and P6. The results provided the 
y responses to be applied in Eq. (8), which is important in determining 
regression coefficients. The maximum uncertainty obtained was lower 
than 1.09% for all combinations. Subsequently, the factors A and B 
varied discretely from the levels − 1 to +1, which means that the system 
response was taken respectively from the lowest to the highest state. The 
total information for each P pair can be expressed by the sum of all run 
possibilities (each column of Table 4), for the pairs P1, P2, P3, P4, P5 
and P6 the sums are: 2.9729, 2.7002, 3.2421, 1.9501, 2.4920, and 
2.2193, respectively. In decreasing order, the values of the P pairs are: 
P3 > P1 > P2 > P5 > P6 > P4. These results indicate the strong 
contribution of the WB/G05 pair to both absorption in the Vis and NIR 
regions, followed by the pairs G20/G05, G35/G05, G20/WB, G35/WB 
and G35/G20, respectively. 

Table 5 shows results for the regression values obtained using Eq. (8); 
they were standardized via Eq. (9), and plotted on a normal percentile 
versus z-score in Fig. 5, which shows the normal percentile versus z- 
score for the groups (P1, P2, P3, P4, P5 and P6). 

Based on Fig. 6, within all of those six groups, it was possible to show 
that the glass color, encoded to the factor (B), varying from − 1 to +1, or 
from a light glass to a dark glass, the absorbance response was irre
spective to it. Contrarily, the most significant effect was the automotive 
solar protector film (A), as can be seen in Fig. 6, where factor (A) is far 
away from the origin of the normal distribution plot. The statistical 
analysis of the results pointed out an agreement between Section 4.1 and 
Section 4.2 results, where the factor A, in magnitude, was superior to the 
glass type, the factor B. Therefore, one may argue that using the right 
solar protective film can be more advantageous than designing a doped 
glass. Under a qualitative analysis, all of the group responses agreed that 
the interaction effect (AB) has had a positive impact on the absorbance; 
in other words, as AB varied from − 1 to +1 the absorbance increased, 
then showing that the glass association with the solar protective films 
increased the overall absorbance. 

Fig. 7 shows the results of y (from Eq. (5)) versus effects A and B. This 
evolution of the effects from zero up to their maximum values, provides 
information about which of these factors obtained has the greatest 

influence of the SPF + glasses system. The pairs of groups P1, P2, P3 and 
P4 have an increase in effect A increasing in relation to effect B, which 
practically remains constant. The pairs of groups P5 and P6 show an 
increase in effect B increasing in relation to effect A, which practically 
remains constant. It is worth mentioning that these results are from Eq. 
(5). This equation contains elements of interaction AB, A and B effects of 
total beta media that can also influence the pair combination. 

4.3. ANOVA and Bonferroni Test analyses 

Fig. 8a, b and c show the boxplot of the absorbance for each solar 
protective film in association with no glass, with light glass and dark 
glass, respectively. These results provide information about the mean 
values for the SPF and glass associations; the mean values are well 
distributed in an increasing order for all combinations coming from G05, 
G20 and G35; for the WB results it is also possible to observe the increase 
in the results for no glass, with light glass and with dark glass. On each 
box, the central mark indicates the median, and the bottom and top 
edges of the box indicate the 25th and 75th percentiles, respectively. 
Another important fact is the absence of outliers for all combinations. 

Employing the one-way ANOVA test, the results for the factor cor
responding to the manufacturing origin was statistically significant with 
p-value < 0.05. From these results, it can be inferred that hypothesis H1 
is the correct one, thus implying the rejection of the null hypothesis. 

Solar protective film samples versus mean values, using the Bonfer
roni Test (multiple comparisons) for no glass, light glass and dark glass 
are presented in Fig. 8a, b and c, respectively. The WB sample in this 
figure was considered the control term, and its color is blue, and the 
other SPFs present red color, the pair group means are significantly 
different. In Fig. 9a, the pairs WB/G35 and WB/G20 are significantly 
different, but WB/G05 is not different; this result is shown in black. In 
Fig. 9b and c, all combinations, WB/G35, WB/G35 and WB/G05 are 
significantly different. Hence, as expected, the combined analysis can be 
proceeded satisfactorily due to the absence of collinearity among the y 
responses. 

4.4. Validation of DoE and MLR methods 

RMSE and MAPE versus pairs of association with all SPF samples are 
presented in Fig. 10. The accuracy for the prediction of the DoE method 
together with the MLR method in SPF + glass measurements was 
excellent. It agrees with the low values obtained for the RMSPE and 
MAPE errors, which present minimum and maximum values of 0.0049% 
up to 0.0137% and of 0.0024% up to 0.0091%, respectively. The groups 
as shown in the figure are in ascending order for the RMSPE and MAPE 
values, and the groups with the best accuracy are as follows: P1 > P3 >
P4 > P2 > P5 > P6. The use of DoE and consequently its validation 
present enough evaluation for the accuracy of the method used, as well 
as the evaluation and usefulness of other statistical methods that can be 
found in the literature [30]. They agree with the results of this work. 

5. Conclusions 

From the results it can be stated that: i) the absorbance values for SPF 
and light and dark glass samples can be determined via UV–Vis/NIR 
measurements; ii) the contribution to the absorbance values, in the 
visible and in the infrared regions, for dark glass is more significant than 
for light glass; iii) G05, G20 and G35 are more efficient in the Vis region, 
and the WB sample is more efficient in the NIR region than in the Vis 
region, in comparison with G05, G20, and G35 samples; iv) For the RMS 
results in all regions, the descending order was given by P3 > P1 > P2 >
P5 > P6 > P4, indicating a greater contribution from the WB/G05 pair 
presenting absorption in the Vis and NIR regions; v) the factor A showed 
higher absorbance values compared to the glass type, the factor B; vi) the 
results also showed the strong influence of the AB interaction in the 
application of methods within the mean values of beta coefficients; vii) 
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through the results of the one-way ANOVA test, the samples showed p- 
value < 0.05, indicating the statistical difference of the data from the 
absorbances; however, it was still necessary to find out which pair would 
be indicated with the greatest or least significant difference; this was 
resolved with the use of the Bonferroni Test (multiple comparison) 
which indicated according to the determined standard which mean 
values would be different; in the majority, the groups showed good re
sults and indicated as conclusion the absence of collinearity among the y 
responses; viii) the RMSPE and MAPE methods presented statistically 
excellent accuracy values, with the highest value of 0.0137%, that is, the 
error between the measured and the predicted values was less than 
0.014%, concluding that these statistical error methods can be applied 
for the determination of the accuracy in the DoE and MLR methods in 
measurements from glass and SPF absorbances. The results obtained in 
this work can be useful in the association of SPF + glasses in the medical 
area, in industries, agriculture, automobile, and even in sustainable 
houses, as well as in the evaluation of new materials. They need a robust 
evaluation such as the DoE, to be used in the investigation of sun pro
tection of people. In conclusion, the Design of Experiments (DoE) and 
Multiple Linear Regression (MLR) methods are suitable to be used in the 
investigation of the materials evaluated in this work. 
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