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Abstract

The characteristics of the floor surface profile are one of the factors that can be responsible for slip and fall accidents.
To reduce the incidence of these accidents, it is essential to identify the profile features necessary for floor covering
materials to be suitable for slipping risk areas. The objective of the present work was to investigate correlations
between the slip resistance and the surface roughness of ceramic floor tiles. The slip resistance and the surface
roughness of commercial ceramic tiles, with a diversity of surface finishes, were characterized by the pendulum
method and contact profilometry, respectively. It was concluded that the presence of a large number of sharp peaks per
unit of length of the profile is required for high slip resistance ceramic tiles. It was also found that the presence of
waviness contributes to increasing the floors slip resistance even more. Through regression analysis, a good
correlation between the pendulum results and the roughness parameter Ra was found.

Keywords: Ceramic tiles; Ceramic floors; Slip resistance; Coefficient of friction; Roughness.

Resumo

As caracteristicas do perfil superficial do piso sdo um dos fatores que podem ser responsaveis por acidentes de
escorregamento e queda. Para reduzir a incidéncia desses acidentes, ¢ fundamental a identificacdo das caracteristicas
do perfil superficial dos revestimentos de pisos necessarias para que 0s mesmos sejam adequados para areas de risco
de escorregamento. O objetivo do presente trabalho foi investigar correlacdes entre a resisténcia ao escorregamento e
a rugosidade superficial de pisos ceramicos. A resisténcia ao escorregamento e a rugosidade superficial de pisos
ceramicos comerciais, com diversos acabamentos superficiais, foram caracterizadas através do método do péndulo e
da perfilometria de contato, respectivamente. Concluiu-se que um elevado nimero de picos agudos por unidade de
comprimento do perfil é necessario para a alta resisténcia ao escorregamento dos pisos ceramicos. Verificou-se,
também, que a presenca de ondulagdo contribui para que os pisos apresentem resisténcia ao escorregamento ainda
mais elevada. Através de uma regressdo linear, encontrou-se uma boa correlacdo entre os resultados do péndulo e o
pardmetro de rugosidade Ra.
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Resumen

Las caracteristicas del perfil de la superficie del piso son uno de los factores que pueden ser responsables de
accidentes por reshalamiento y caidas. Para reducir la posibilidad de estos accidentes, es fundamental identificar las
caracteristicas del perfil de las superficies de los pavimentos necesarias para que estos sean adecuados para zonas de
riesgo de reshbalamiento. El objetivo del presente trabajo fue investigar las correlaciones entre la resistencia al
deslizamiento (reshalacidad) y la rugosidad superficial de pavimentos ceramicos. La resistencia al deslizamiento y la
rugosidad superficial de baldosas ceramicas comerciales, con diversidad de acabados superficiales, se caracterizaron
por el método péndulo y perfilometria de contacto, respectivamente. Se concluyd que para pavimentos ceramicos de
alta resistencia al deslizamiento se requiere la presencia de un gran nimero de picos agudos por unidad de longitud
del perfil de la superficie. También se observd que la presencia de ondulacién contribuye a aumentar ain mas la
resistencia al deslizamiento de los pavimentos. Mediante andlisis de regresion se encontré una buena correlacion entre
los resultados del péndulo y el parametro de rugosidad Ra.

Palabras clave: Baldosas cerdmicas; Pavimentos ceramicos; Resistencia al deslizamiento; Coeficiente de friccion;
Rugosidad.

1. Introduction

Slip and fall accidents represent a very important issue because of their health and economic implications (Chang,
Matz, Gréngvist & Hirvonen, 2010); (Clarke et al., 2015); (World Health Organization, 2007). Annually, millions of patients
are treated worldwide due to possible injuries resulting from these accidents (Mufioz, 2019). Especially in the case of the
elderly, fall injuries can compromise the functional capacity to perform daily activities (Coutinho et al., 2020); (Machado et
al., 2020); (Monte, et al., 2020) or even lead to fatal consequences (Coutinho et al., 2020); (Mendes, et al., 2020). In order to
avoid slip and fall accidents, it is essential to keep under control the several factors involved in a slip episode. Figure 1 presents
some of these factors.

Figure 1. Factors involved in slip accidents.

Pedestrian Caution > loor inclination Ambient safety

Source: Prepared by the authors from Li, Chang, Leamon, Chen (2004); Lockhart (2008); Mufioz (2019); Siegmund, Flynn, Mang, Chimich,
Gardiner (2010) and Silva et al. (2018).

As can be seen, the floor surface profile of the covering material is one of the factors responsible for these accidents.
Ceramic tiles are the most widely used material for floor covering (Ros-Dosda, Celades, Vilalta, Fullana-i-Palmer, Monfort,
2019). Despite the widespread use of ceramic floor tiles, the literature about the relationship between the surface profile and
the slip resistance is scarce. Therefore, to contribute to reducing the number of accidents it is important to identify which

aspects of the surface profile of this covering material are more effective in promoting high slip resistance.
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The profile of a surface can be characterized by the presence of micro-irregularities, which constitute the roughness,
and macro-irregularities, such as waviness and reliefs. Regarding the micro-irregularities, the specialized literature suggests
that the presence of numerous peaks, preferably high and sharp, contributes to increasing the floor slip resistance by improving
anchoring effects and, therefore, the friction mechanisms acting at the interface between the surface of the covering material
and the shoe sole (Chang, 2004); (Chang et al., 2010); (Li et al., 2004); (Shaw, Lemon, Thorpe, 2009); (Stevension, Hoang,
Bunterngchit, Lloyd, 1989). Considering the appreciable size of the shoe sole that gets in touch with the floor surface, the
presence of macro-irregularities, such as waves and reliefs, reduces the contact area between the two surfaces, increasing the
slip resistance of the covering material.

A major concern regarding the slip resistance of surfaces in wet conditions, one of the most critical in homes and
industrial environments, is the possibility of the presence of a liquid film avoiding the contact between the shoe sole and the
covering material. In these cases, the amplitude of the macroscopic and microscopic features of the profile provides
accommodation volume for the liquid and increases the chances of contact between the two surfaces, enhancing the slip
resistance of the covering material (Chang, 1999); (Chang, 2004); (Kim, 2017).

From the point of view of health and maintenance of the original aesthetic characteristics of the covering material, an
important characteristic is its surface cleanability, the facility and efficiency of dirt and stain removal (Rambaldi, Lucchese,
Engels, Bignozzi, 2019). Some features that provide traction underfoot and, therefore, enhance the slip resistance of the
covering material, such as small nooks and crannies, allow the accumulation of dirt that in some cases cannot be removed by
conventional methods, like mopping. Therefore, covering materials for areas of slipping risks should simultaneously present
high slip resistance and cleanability. In other words, the product developers should aim for tiles with the lowest profile that
provides the required level of slip resistance.

In this scenario, the objective of the present work was to investigate correlations between the slip resistance and the
surface roughness of ceramic floor tiles in order to contribute to reducing the risks of slip and fall accidents when this type of

covering material is used.

1.1 Surface finishes for high slip resistance of ceramic floors

Macro and microscopic profile features can be explored in the design of covering materials to be used in slipping risk
areas.

In the macroscopic scale, the presence of raised patterns, such as the dots shown in Figure 2, is quite common. This
strategy reduces the contact area between the shoe sole and the covering material, contributing to enhancing the slip resistance
of the latter. However, for this strategy to work, the slip resistance of the elevated areas should be high. Therefore, even though

the scale of this sort of configuration is far beyond roughness, that is the object of this work, the contributions of this study still

apply.
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Figure 2. Surface profile designed for use in slipping risk areas.

Source: Foshan Jiangiu Ceramics Co. Ltd. (2021)

Roughness can be naturally found in untreated and unglazed surfaces or produced by the presence of small crystals
present on the surface of matt glazes. Rough wavy surfaces, also called texturized, combine macro and microscopic features
that should contribute to increasing the slip resistance. These wavy surfaces can be produced by some decoration techniques,
such as glaze spray, in which some of the pulverized drops overlap. Another possibility is the dry application of coarse-grained
glazes, known as grits, to the surface of tiles that are already covered by a layer of another fine-grained glaze. Textures can
also be produced by the application of glaze in specific points of the surface of the tiles and by the use of pressing molds with

texturized surfaces. To produce some special textures a combination of these techniques can be used.
1.2 Characterization of surface finish
Regarding the surface profile characterization, contact profilometry has been widely used. The contact profilometer is

illustrated in Figure 3.

Figure 3. Mechanical contact profilometer.

Source: Authors (2021).

The equipment has a thin metallic stylus that slides over a predetermined length of the surface, of the order of a few

millimeters. The vertical movements of the stylus are measured in relation to a reference, defined as the zero value on the
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vertical axis. The movements of the stylus are registered and converted into a two-dimensional primary profile of the surface,
as illustrated in Figure 4.

Figure 4. Primary and filtered profiles obtained by the mechanical contact profilometer.
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Source: Prepared by the authors from Carpinetti, Gongalves Filho, Porto, Jasinevicius (2000).

As can be seen in Figure 4, to avoid the distortions produced by the acceleration and deceleration of the car that
moves the probe over the sample, the initial and final sections are discarded. To prevent the distortions produced by form
deviation, the intermediate segment, called the evaluation length, is split into 5 equal fragments called cut-offs. Then, the
profilometer software removes the profile irregularities with wavelengths higher than the length of these cut-offs. In the center
of the obtained filtered profile, the mean line is traced, so that the sum of the upper and lower areas in relation to this line are
equivalent.

Based on this profile, several parameters that quantify different aspects of surface roughness are determined. The
possible correlations between these parameters and the slip resistance of covering materials have been the subject of many
studies (Chang, 2004); (Chang, et al., 2010); (Kim, 2017); (Li et al., 2004); (Shaw et al., 2009).

In two of these studies, recently published in some of the most respectable magazines dedicated to this subject, still
and all, report difficulties in finding a single surface parameter as an indicator of friction studies (Chang, et al., 2010); (Kim,
2017).

1.3 Characterization of slip resistance

Several methods, based on different measurement principles, have been used to assess floor slipperiness. Among
them, the pendulum, mainly because its results presented a good correlation with slip and fall accidents (Clarke et al., 2015), is
adopted by relevant standards all over the world (ASTM, 2018); (UNE, 2003); (AS, 2013); (BSI, 2002). The pendulum device
was designed to simulate the shoe heel strike contact with the floor. The arm of the pendulum, equipped with a rubber slider, is
released from a given height. The slider scans a length of 124mm of the surface and, then, the rebound height, named
Pendulum Test Value (PTV), approximately the dynamic friction coefficient x 100 (Clarke et al., 2015); (Mufioz, 2019), is
registered. The floors are classified according to their PTV for use in different areas of slipping risks (United Kingdom Slip
Resistance Group, 2000).
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2. Methodology

To achieve the aims of this work, commercial ceramic floor tiles, with a variety of surface finishes, were characterized

in relation to their slip resistance and surface roughness.

Table 1 and Figure 5 present the selected samples and a brief description of their characteristics based on commercial

information.
Table 1. Selected ceramic floor tiles and a brief description of their surface characteristics.
Samples Surface description
Glossy 1 Glossy smooth polished surface
Glossy 2 Glossy smooth glazed polished surface
Glossy 3 Glossy smooth glazed surface
Satin 1 Satin smooth glazed surface
Satin 2 Satin smooth glazed surface

Glossy Wavy 1
Glossy Wavy 2

Glossy wavy surface, produced by the pulverization of glaze drops

Glossy wavy surface, produced by the pulverization of glaze drops

Natural Natural porcelain tile surface (no finish)

Matt Matt gritty glazed surface with dry touch

ABS Surface with ABS texture (produced with matt glaze applied in specific points)

Wood Glazed textured surface with wood look

Stone Glazed textured surface with stone look

Source: Authors (2021).
Figure 5. Representative images of the surfaces of the selected commercial ceramic floor tiles.
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Source: Authors (2021).

The slip resistance of the surfaces was evaluated through the pendulum method, previously described, according to

procedures reported in the UNE ENV 12633 standard (UNE, 2003). The measurements were done on wet surfaces.
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The surface roughness was characterized with a contact profilometer Mitutoyo SurfTest SURFPAK Series. A length
of 17.5 mm was scanned in each surface. Segments of 2.5 mm were discarded at the beginning and the end of the total length
for obtaining a 12.5 mm profile. The cut-off used was 2.5 mm. From the filtered profile, the parameters presented in Table 2

were determined. Six measurements were carried out for each surface for the calculus of the average parameters.

Table 2. Roughness parameters determined by the contact profilometer.

Parameter Description

Ra arithmetic mean of the absolute values of the profile deviations from the mean line
IR profile length ratio: actual profile developed length / evaluated length
Rz average height of the five highest peaks and five deepest valleys of the profile
Rt total height of the profile
Ry average of peak to valley height in each cut-off length
Rpm average of the maximum peak height in each cut-off length
Rvm average of the maximum valley depth in each cut-off length
R3z mean height from third highest peak to third lowest valley in each cut-off length
R3y maximum height of third highest peak to third lowest valley in each cut-off length
Aa arithmetical mean of surface slope
Aa average profile wavelength
Sm mean spacing between profile peaks at the mean line
Ku kurtosis of the surface, an indicative of the sharpness of the profile
Sk skewness of the profile, an indicative of the symmetry of the profile amplitude

Source: Prepared by the authors from Chang (2004) and Mitutoyo America Corporation.

Subsequently, correlations between each of these roughness parameters and the slip resistance of the samples were
investigated through linear regressions, performed in Microsoft Excel. In this type of analysis, the best equation y = ax + b
which allows the prediction of a variable y (PTV) from a variable x (roughness parameters) is determined. Thereafter, the
coefficient of determination, R, ranging from 0 to 1, expresses how well the statistical model fits the data. The closer the fitted
values (y values predicted by the equation) are to the actual y values, the closer RZ is to 1, which indicates a good correlation
between the variables x and y. To validate the correlation, the randomness of the points must be observed when plotting the

residual values (differences between the fitted and actual y values) as a function of the fitted values.

3. Results and Discussion
3.1 Slip resistance x Roughness
The slip resistance of samples listed in Table I, evaluated by the pendulum method, are presented in Figure 6. The

dashed line represents PTV = 36, the minimum recommended for slipping risk areas.
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Figure 6. Pendulum Test Value (PTV) of the samples listed in Table I.

90
80
80
70 60
60 52
*‘; 50 1 44
A~ 40 o S __B_ 5 N . _
30 25
20
o 17 . 17 s
o I 1l )
0
N . & RS 0 N " > X5 ) > <
& & § 3 ‘é'\o & & o s - =~ 4’7‘& ‘:ﬂ@'°
Iy & B S S 4:2* _g?.- ¥
G\QE"% \G%%

Source: Authors (2021).

As can be seen in Figure 6, due to the great variety of surface characteristics, a wide variation of slip resistance values
was obtained. Only samples Natural, Matt, ABS, Wood and Stone surpassed the minimum recommended value for slipping
risk areas.

Figure 7 presents the filtered profiles of the samples, obtained by the contact profilometer. To ease the analyses of the
results, the surface profiles were grouped in accordance with their characteristics: Group 1 — Glossy and Satin; Group 2 —
Glossy Wavy; Group 3 — Natural and Matt; and Group 4 — ABS, Wood and Stone.
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Figure 7. Representative filtered surface profiles of the samples listed in Table I, obtained by the contact profilometer.
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In the sequence, the surface profiles and PTV results are analyzed to identify possible correlations.

Group 1 - Glossy and Satin: The profiles of these samples, which presented low PTV values, are characterized by
smaller amplitude in comparison to those of the other surfaces.

Group 2 — Glossy Wavy: These samples with high amplitude profiles, basically constituted by waviness
protuberances, also did not reach the minimum PTV value recommended for use in slipping risk areas. Despite the higher
amplitude of the peaks in these samples, in comparison to the profiles of the samples of the Group 1, the PTV of the surface
Glossy Wavy 1 was similar to the value found for Glossy 3, the lowest result for the first group. This suggests that waviness
elements, by themselves, are not effective in producing high slip resistance. Another interesting aspect, regarding the Glossy
Wavy samples, which from a commercial point of view are classified as similar, is the difference between their PTV results: 15
for Glossy Wavy 1 and 32 for Glossy Wavy 2. Although the amplitude of the profile is similar in the two surfaces, the number
of peaks per unit length and their sharpness are considerably higher in Glossy Wavy 2 in comparison with Glossy Wavy 1,
suggesting that, in addition to amplitude, these characteristics also play an important role in slip resistance.

Group 3 — Natural and Matt: The PTV of these samples surpassed the recommended value for use in slipping risk
areas. In terms of the number of peaks, the profiles of these samples are similar to those of the samples Satin 1 and 2.
However, the amplitude of the peaks in these samples is considerably higher, suggesting that the combination of an elevated

number of sharp peaks per unit of length and high amplitude leads to high slipping resistance.
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Group 4 — ABS, Wood and Stone: The PTV values of these samples were the highest of all. The profiles of samples
ABS and Stone, besides presenting a high number of sharp peaks per unit length, also present regularly spaced waviness
protuberances. The surface profile of the Wood sample, which also presents a profile with a high number of sharp peaks per
unit length and a considerable amplitude, but without the regularly spaced protuberances, presented a lower PTV in
comparison to ABS and Stone samples. These results suggest that the combination of profile features - the high number of
sharp peaks per unit length and regularly spaced waviness protuberances - is the most effective strategy, among those adopted
for the studied samples, in producing high slip resistance surfaces.

From the above, it is possible to conclude that a high amplitude profile, with a great number of sharp peaks per unit of
length, is required for the high slip resistance of ceramic tiles. Additionally, when these requirements are met, it was found that

the presence of waviness contributes to increasing the slip resistance of the surfaces even more.
3.2 In search of correlations:

Table 3 presents the roughness parameters of the samples listed in Table I, calculated from the data collected by the
profilometer.
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Table 3. Roughness parameters calculated from the results obtained by the contact profilometer. The parameters were grouped

accordingly to the profile aspect which they quantify. The PTV results were also included for comparison.

. . Glossy Glossy
Glossy 1 Glossy2 Glossy3  Satinl Satin 2 Natural Matt ABS Wood Stone
Wavy1l  Wavy 2
PTV 17 20 13 17 25 15 32 42 44 60 52 80
Overall
Roughness
Ra (um) 0.3 0.1 12 24 2.6 10.2 8.0 4.9 6.3 9.1 8.2 12.7
IR 1.01 1.00 1.00 1.00 1.01 1.00 1.01 1.02 1.01 1.03 1.03 1.09
Amplitude
Rz (um) 5.0 2.7 3.2 6.6 10.2 36.0 26.2 16.0 19.9 22.2 28.4 39.2
R (Hm) 13.4 7.9 7.4 193 214 736 634 396 460 510 602 933
Ry (um) 8.4 5.7 5.4 13.2 165 444 436 289 355 409 490 702
Rpm (um) 0.4 0.2 2.7 7.2 7.3 232 292 157 206 240 271 366
Rvm (um) 8.0 55 2.7 6.0 9.1 21.2 14.3 13.2 14.9 16.9 21.7 33.7
R3z (um) 4.5 2.1 11 4.4 9.6 24 11.7 134 12.6 8.6 26.4 30.8
R3y (um) 6.5 3.2 1.7 6.6 11.7 34 20.1 18.3 18.6 16.2 33.1 42.2
Inclination
Aa (°) 24 1.2 0.9 2.8 5.0 2.3 4.2 7.4 4.7 7.8 9.7 17.3
Spacing
Aa (um) 49 32 457 297 186 1520 665 243 489 405 305 265
Sm (um) 86 63 635 348 185 1436 773 271 576 673 325 267
Kurtosis/
skewness
Ku 47.7 122.5 2.2 24 3.0 2.3 4.0 2.8 2.8 24 2.9 2.6
Sk -6.1 -74 0.0 0.1 -0.3 0.0 11 0.1 0.2 0.3 0.1 0.2

Source: Authors (2021).

References to good correlations between several roughness parameters, such as Ra, Rz and Rpm, and the slip
resistance of covering materials can be found in the literature (Chang, 2004); (Chang et al., 2010); (Kim, 2017); (Li et al.,
2004); (Shaw et al., 2009). However, none of these studies were dedicated exclusively to ceramic floor tiles. Due to
peculiarities of the fabrication process of these products and the usual presence of a surface glaze layer that melts during the

firing stage, ceramic floors can present particular characteristics that deserve to be investigated.
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In this work, in the search for relationships between PTV values and several parameters listed in Tabel Ill, the
regression analysis method was used. As previoulsy stated, in this type of analysis, the parameter R?, known as the coefficient
of determination, expresses how well two variables are correlated. Reasonable correlations between PTV values and some
parameters listed in Table 111 were found. However, none of them were as good as the results obtained for the Ra parameter,
one of the most commonly used and simplest roughness parameters. Also known as the mean roughness of the surface, Ra
represents the arithmetic mean of the absolute values of the profile deviation from the mean line of the profile. The correlations
found between PTV and this parameter are shown below.

Figure 8 presents the linear regression between PTV and Ra values for all the studied samples.

Figure 8. PTV and Ra values for all the characterized samples, listed in Table I, with the correspondent linear regression line
and the coefficient of determination R2.
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Source: Authors (2021).

As can be seen in Figure 8, a relatively low coefficient of determination (R% = 0,5343) was obtained when considering
the data corresponding to all the samples. The visual analysis of the graph shows that the samples responsible for the low
coefficient of determination were the Glossy Wavy. The PTV results of these surfaces are considerably lower than the values
predicted from their Ra parameters, using the equation exhibited in Figure 8. The amplitude of the waviness in their profiles
contributed to their high Ra values. Nevertheless, despite that, due to the absence of roughness peaks, these samples presented
low slip resistance.

Figure 9 presents the linear regression between PTV and Ra values for the studied samples, not considering the
surfaces Glossy Wavy 1 and Glossy Wavy 2.
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Figure 9. PTV and Ra values for all characterized samples, listed in Table I, except samples Glossy Wavy 1 and 2, with the
correspondent linear regression line and the coefficient of determination R2.
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As observed, when these samples were not considered, the fitting of the linear regression was quite good (R? =
0,9591). The randomness of the points in the correspondent residual plot confirmed the good fit of the statistical model
represented by the equation presented in Figure 9.

It is worth mentioning that, considering the set of samples without the Glossy Wavy surfaces, it was also possible to
find a good correlation between the PTV and the parameter Rpm (R2 = 09535). This reinforces the relevance of the presence of
high peaks in the profiles of the surfaces for their high slip resistance.

Finally, Figure 10 presents the linear regression between PTV and Ra values only for the samples for which PTV

surpassed the minimum value recommended for use in areas of slipping risks.
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Figure 10. PTV and Ra values for the characterized samples that presented the minimum PTV required for slipping risk areas

(PTV = 36), with the correspondent linear regression line and the coefficient of determination R2.
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In this case, as shown in Figure 10, the fitting was even better (R = 0,9694). To confirm the quality of this fitting, a

residual plot is presented in Figure 11.

Figure 11. Residual Plot of the linear model represented by the equation presented in Figure 10.
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As can be seen, the residual plot shows a fairly random pattern, indicating that the linear model represented by the
equation in Figure 10 provides a good fit for this set of data.

Considering only these five surfaces, Ra stood out as the only parameter, among all the studied, for which such a
strong correlation with PTV was found.

From the above, it can be concluded that the mean roughness of the surface, Ra, is the main profile characteristic in
determining the slip resistance of the samples of the ceramic floor tiles studied. In that sense, one of the most important experts
in this subject stated that: “Understanding the role of surface roughness in friction can help floor manufacturers improve floor
designs and can also help the end-users properly select floor surfaces appropriate for their applications as well as assess the
safety of existing floor surfaces (Chang, 2004)”. Therefore, establishing a simple statistical model that well correlates the slip
resistance of ceramic tiles and one of the most commonly used and simplest roughness parameters, Ra, represents a very
important contribution to the development and use of ceramic floor tiles suitable for slipping risk areas, minimizing the number

of slip and fall accidents.

4. Conclusion

The wet slip resistance and the surface roughness of a variety of commercial ceramic tiles, with a considerable
diversity of surface finishes, were evaluated, by the pendulum method and contact profilometry, respectively. Comparing the
slip resistance values and the surface profiles obtained for the samples, it was possible to conclude that a profile of
considerable amplitude, with the presence of a large number of sharp peaks per unit of length, is required for the high slip
resistance of ceramic tiles. The results also suggested that the presence of waviness protuberances regularly spaced in the
profile of the surfaces contributes to increasing the slip resistance even more.

Regarding the relationship between the slip resistance, measured by the pendulum method, and surface roughness parameters,
through the regression analysis method, except for two of the twelve studied samples, a very good fitting between the slip
resistance data and a roughness parameter, Ra, was achieved (R2 = 0,9591). When just the samples for which slip resistance
values surpassed the minimum value required for use in slipping risk areas, PTV = 36, the fitting was even better (R2 =

0,9694). The validity of the fittings of the linear regression models was confirmed through residual plots.
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