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ARTICLE INFO ABSTRACT
Keywords: With the increasing demand for productivity and quality in the forestry sector, near-infrared (NIR) spectroscopy
Fiber saturation point is promising in the monitoring of wood properties, such as density. However, most predictive models are based

Pulp and paper industry
Multivariate statistics
Quality control
Real-time evaluation

on spectra acquired in wood at equilibrium moisture content using benchtop equipment. The objective of this
study was to evaluate the performance of the NIR instruments in predicting the basic density of Eucalyptus grandis
wood at different moisture contents. The wood chips were evaluated from saturated conditions (freshly felled) to
hygroscopic equilibrium conditions using benchtop and portable NIR instruments. Principal component analysis
(PCA) was performed to verify the behavior of spectral data, partial least squares discriminant analysis (PLS-DA)
to classify density categories, and partial least squares regression (PLS-R) to develop predictive models. The
moisture gradient was not the limiting factor for the statistical modeling. PCA discriminated 99.50% of the
variation in the data, while the PLS-DA correctly categorized in the range of 0-94% the density classes. The
models developed by PLS-R with the benchtop instrument showed a prediction coefficient (R?) ranging from 0.79
to 0.85 and those with the portable instrument ranged from 0.77 to 0.82; the ratios of prediction deviation (RPD)
were 2.20 and 2.45, respectively. Thus, NIR spectroscopy has shown potential application in wood under
saturated conditions, regardless of the type of instrument. In the industrial context, the use of a portable NIR
instrument could streamline wood characterization without the need for drying and transporting samples to the

laboratories.
1. Introduction panels, furniture, and sawn wood (IBA, 2022). The properties of the raw
materials are routinely evaluated by the industries to standardize the
Eucalyptus wood is the main source of short fibers in the pulp and quality of their products, especially density, as it is a property that has a
paper industry. In addition, because it is versatile, Eucalyptus wood is a direct correlation with the physical-mechanical characteristics of the
raw material widely used in the production of charcoal, reconstituted wood, with direct implications for the behavior, processing, application
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and transport of the wood (Costa et al., 2019; Amaral et al., 2020). For
these analyses, the technologies used are desired to be fast and effective
for optimizing their production processes as opposed to conventional
methods for determining the properties of wood, which are
time-consuming and expensive (Medeiros et al., 2023). For this reason,
the use of technologies for wood selection and monitoring is an alter-
native to increase the efficiency of wood production (Arriel et al., 2019).

Near-infrared (NIR) spectroscopy is a technology based on the in-
tensity of absorption of electromagnetic radiation to analyze the inter-
action of biological material with the organic bonds constituting the
sample. This technique has been used in the forestry sector because it is
non-destructive, reliable, and provides real-time responses (Sheppard
et al., 1985; Ramalho et al., 2018). The information obtained from NIR
spectroscopy is associated with the values of the properties determined
in the laboratory. From this, statistical models can be developed to
predict such properties; partial least squares regression (PLS-R) is the
most commonly used model for analysis (Sandak et al., 2016; Amaral
et al., 2021).

Among the wood properties, the density variation has a strong cor-
relation with the spectral signature in the NIR (Hein et al., 2009). In the
studies by Rosso et al. (2013), Costa et al. (2018), Arriel et al. (2019),
and Amaral et al. (2021), models for estimating the basic density of
Eucalyptus wood by NIR spectroscopy with a benchtop instrument
showed adequate results for the selection of the genetic material in
forestry companies.

However, most of the developed models are based on wood at
equilibrium moisture content with the environment (~12% dry mass
basis); this content varies depending on the region. The NIR application
in wood samples with different moisture gradients is important to pro-
vide technically viable equipment for real situations, such as in the field,
patio, or mat, where the moisture of the wood is not controlled. Since
studies regarding this aspect are scarce and a gap in scientific knowledge
exists, these aspects can potentially indicate a limitation of the use of
NIR in adverse conditions.

Therefore, considering hypotheses such as the independence of basic
density estimation from moisture content, the comparable precision
between portable and benchtop devices, and the influence of wood
anatomical planes on spectra, this study aims to evaluate whether
moisture content affects basic density estimation, determine if portable
and benchtop devices provide equivalent precision, and investigate the
impact of wood anatomical planes on the spectral analysis of Eucalyptus
grandis wood.

2. Material and methods
2.1. Sample collection and preparation

Eucalyptus grandis tree cultivated in 3 x 3 m spacing at 33 years of
age from the experimental plantation at the Federal University of Lavras
(Latitude: 21° 14* 30’ S; Longitude: 44° 00” 10’ W; Altitude: 919 m)
was cut following the sampling recommendations provided in ASTM
5536 (ASTM Standard, 2017a). Next, the stems with a commercial
height of 26 m were sectioned to obtain eight discs in different longi-
tudinal positions (0%, DBH (1.30 m), 15%, 30%, 45%, 60%, 75%, and
80%) for wood chip making.

A central (diametral) wood portion of each disc, comprising heart-
wood and sapwood, was removed with a band saw to manually produce
wood chips with dimensions of approximately 30 x 30 x 4 mm (length
x width x thickness). Chips were produced tangentially to the growth
rings by hand using a chisel and mallet. The radial chips were made with
the disc wedges, totaling 272 specimens (108 tangential + 164 radial).
The chips were identified with a pencil according to the trees, disk, and
position from which they were removed to represent the complete
variability of the sampled trees.
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2.2. Determination of basic density

The basic density was determined according to the ASTM D2395
standard (ASTM Standard, 2017b). The mass was obtained on an
analytical scale (accuracy of 0.001 g), and the volume was measured
using the immersion method. Next, measurements were acquired via
portable and benchtop NIR spectrometers. The specimens were placed
on trays for air drying in a controlled environment at 25 °C and a relative
humidity of approximately 60% until the samples reached the equilib-
rium humidity (~12% dry basis). At each 10% moisture loss, which was
monitored by constant weighing, the acquisition of mass and spectra in
the chips was performed (Fig. 1), with each measurement corresponding
to a drying stage, totaling 10 stages, with the last stage referring to the
anhydrous mass. After reaching equilibrium moisture content, the
samples were placed in an oven with a temperature adjustment of 103 +
2 °C until the dry mass was obtained.

2.3. NIR Spectral acquisition

The spectra were collected directly on the chip surface using
benchtop and portable NIR instruments. The benchtop instrument was a
Fourier transform (FT) NIR spectrometer (MPA, Bruker Optik GmbH,
Ettlingen, Germany) with its software OPUS v. 7.0. The spectra were
recorded by diffuse reflection from the integration sphere. The spectral
range used for the calculations was 1112-2500 nm (9000-4000 em™ D)
with a resolution of 8 cm™!, resulting in 1300 spectral variables. Sixteen
(16) scans were performed on each wood chip, and then the averages
were calculated and compared with the standard to obtain the absorp-
tion spectrum of the specimen. Background compensation was per-
formed every 10 min of spectral acquisition and the light leaking from
the MPA window was protected.

The portable instrument was an On-site MicroNIR (Viavi Solutions
Inc., CA, United States); it was directly set in reflectance mode on the
surface of the wood chip. The acquisition range was from 950 to
1650 nm (10526-6060 cm™ ') with a resolution of 5.6 nm, with the
generation of 125 spectral variables. Each spectrum had an average of
16 scans.

Using the point-and-shoot technique, a dark scan and a reference
scan were performed approximately every 10 min, and the data was
collected using the software SpectralSoft Solutions (Viavi Solutions Inc.,
CA, USA).

A total of 2720 spectra were collected on each piece of equipment, in
the benchtop NIR instrument and the portable NIR instrument. The NIR
data were associated with the wood density data, and multivariate
models were developed.

2.4. Multivariate data analysis

The spectral data were analyzed by multivariate statistics in their
original form and with mathematical treatment. Unscrambler v.9.7
software (Camo Software, NJ, USA) was used to perform principal
component analysis (PCA) and partial least squares regression analysis
(PLS-R). PCA was applied to analyze the grouping of the data according
to the wood surfaces and the drying stages, while PLS-R was performed
to develop the models for predicting the basic density of the wood by
cross-validation (leave-one-out) and independent validation (test set).

For this purpose, eight latent variables were used to compare the
results, and for cross-validation, the data selection method was ran-
domized with eight segment numbers. In the test set, the spectra were
separated into calibration and validation sets, using 60% of the data to
calibrate the models and 40% to validate them, according to the data
selection process proposed by Medeiros et al. (2023).

Partial least squares discriminant analysis (PLS-DA) was performed
by cross-validation using the software Chemoface version 1.65 (Nunes
et al., 2012) to classify the wood density. The density categories for the
correlation with PLS-DA were determined based on INDEA (2011); here,
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Fig. 1. Flowchart of the study stages.

very low density was considered to be < 0.40 g cm™ , low density was
considered to be between 0.40 and 0.55 g cm™ , average density was
considered to be between 0.55 and 0.75 g cm™ and high density was
considered to be > 0.75 g cm™ .

The ratio of prediction deviation (RPD) was obtained as the ratio
between the standard deviation of the values determined in the labo-
ratory and the standard error of the cross-validation. The pretreatments
of standard normal variation (SNV) and first and second Savitz-
ky—Golay derivatives with 13 points and 3 polynomials were applied to
the spectra to optimize the models. The PLS regression models were
evaluated by the root mean square error (RMSE), coefficient of deter-
mination (R?), ratio of prediction deviation (RPD), percentage of correct
answers, and the effectiveness of the mathematical treatment.

3. Results and discussion
3.1. Monitoring of water desorption

The desorption of water in the wood showed uniformity according to
the drying stages, even though each stage takes a different number of

&

160+ Radial

Moisture (%)

days to achieve the same water reduction (~10%). This uniformity is
associated with the arrangement of the anatomical elements, chemical
composition, and origin of the woody material. The maximum moisture
values were approximately 100% for the radial chips (Fig. 2A) and
approximately 130% for the chips obtained with tangential cuts
(Fig. 2B). This variation in the moisture value per chip type could be
explained by the order of production of the specimens; specifically, the
tangential chips were prepared after the radial chips and were kept
packaged for a longer time to avoid exposure to air. In the interval be-
tween the drying stages 9 and 10, an abrupt decrease in moisture was
observed, which was expected due to obtaining the dry weight, in which
the chips were subjected to artificial drying.

These desorption results by the drying step could be explained by the
increase in the vapor pressure of the interior of the anatomical elements
towards the atmospheric air. As a result, the mass flow of the residual
free water was accelerated, which was more easily released until the
fiber saturation point (FSP) was reached (Mascarenhas et al., 2020);
here, the moisture of the wood was reduced by approximately 28-30%
(Fredriksson et al., 2023). Hereafter, impregnation water was exclu-
sively present and required more energy to be removed because the

Tangential

Drying steps

Drying steps

Fig. 2. Moisture reduction of the Eucalyptus grandis wood chips obtained from sections in the radial (A) and tangential (B) planes.
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water-cellulose hydrogen bonds, which are stronger than the water—-
water bonds, needed to be broken to promote the diffusion of water
vapor through the layers of the cell wall.

Specifically, in addition to the different moisture levels that wood
can present, the mechanisms of free water and impregnation water need
to be considered as a variation factor for density estimates since the
types of electrostatic interactions between the molecules and the hy-
droxyl groups of cellulose and hemicelluloses are distinct (Thybring and
Fredriksson, 2021; Murr, 2022); for example, these interactions can
influence the spectral signatures obtained with NIR.

This trend was reported by Amaral et al. (2020), who determined the
Eucalyptus wood moisture content (approximately 80%) and observed
the variations in the correlation factors with the spectral data. The water
desorption patterns observed in this study were in agreement with other
studies performed with wood and wood derivatives (Moretti et al., 2020;
Lima et al., 2022a; Medeiros et al., 2023).

The amplitude of the moisture gradient is important for the predic-
tion of the basic density of wood since the statistical models are trained
to cover different moisture conditions in the same sample or different
samples of the wood under study. Thus, the fitted model becomes more
robust in predicting this property in woods with different moisture
contents. According to Honorato et al. (2007), the addition of different
sources of information in the data matrix causes the results to be more
realistic and has greater applicability in the industrial environment.

3.2. Spectral signatures in the NIR

The chips obtained from the tangential and radial planes showed
similar mean spectral profiles at different moisture levels (Fig. 3A). The
minimum absorbance observed was 0.3, and the maximum was 0.9 for
the benchtop instrument, indicating a low influence from the wood
surface in the spectral acquisition.

Based on the analysis of the spectral signatures by type of instrument,
the portable NIR had the lowest absorbance values, ranging from 0.1 to
0.4, both in the average signatures by type of surface (Fig. 3A) and in the
signatures by drying step (Fig. 3B); this result was reasonable due to the
type of lamp, luminous power, radiation intensity and acquisition
technology (optical system), which were different from benchtop in-
strument; the benchtop system obtained spectral acquisition by an
integrating sphere and had superior characteristics in the emission of
electromagnetic radiation and the wavelength sweep.

From Fig. 3B, the absorbance in the NIR spectra decreased as the
water desorption occurred in the wood; this process started at the
saturated condition (step 1), reached equilibrium with the environment
(step 9), and ended in the anhydrous condition (step 10), with a total of
272 spectra per drying step. This behavior of the signatures according to
the water content was in agreement with the results found by Medeiros
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et al. (2023), who analyzed the desorption of water in cellulosic pulp
with a benchtop NIR instrument.

The main absorbance peaks were in the waveband of 6800 cm ™! in
the spectra from the benchtop NIR instrument and in the waveband of
5200 cm™! in the spectra from the portable instrument. These spectral
regions were related to the variation in moisture in the wood. According
to Nisgoski et al. (2016), Costa et al. (2019), and Amaral et al. (2020),
moisture intensified the interaction of electromagnetic radiation with
the vibrations of hydroxyl groups, increasing the absorbance and in-
formation content of the material. For this reason, the absorbance
decreased in increasing order of the drying steps in the spectral
signatures.

The bands from 7000 cm™! to 6800 cm™! were attributed to the
amount of cellulose, hemicelluloses, and lignin that corresponded to the
main constituents of wood (Schwanninger et al., 2011). Specifically, the
spectral signatures obtained for Eucalyptus wood under different mois-
ture conditions were by reports in the literature for wood.

3.3. Principal component analysis

Similar to the spectral signatures, in the PCA scores obtained by first
derivative spectra, the wood surfaces showed no visual difference
regardless of the anatomical planes of the wood, since the variables
obtained for each type of instrument remained superimposed (Fig. 4A
and B). Corroborating these results, Costa et al. (2018) analyzed NIR
spectra in the three anatomical planes of the wood and reported the
same overlap of variables in the PCA plots considering the radial and
tangential planes.

Although there are differences in the arrangement of cells in the
different anatomical planes of wood, the chemical composition of wood
does not significantly vary (Rowell, 2013). This may explain the results
because the NIR spectra are associated with the vibrational patterns of
the chemical groups present in the molecules that compose the wood.

However, in some cases, the greater exposure of a particular group of
cells may influence the spectral signatures. For example, in woods that
contain vessel elements filled with tyloses and the presence of radial and
axial parenchyma with mucilaginous or oily content, peaks are poten-
tially recorded in spectral bands more characteristic to a particular
anatomical plane to the detriment of others (Braga et al., 2011; Karli-
nasari et al., 2021). In the present study, these effects were not observed,
probably because the Eucalyptus wood contained heartwood and
sapwood with low concentrations of extractives and other substances of
secondary metabolism (Arisandi et al., 2023).

The chip drying stages followed a grouping trend according to
moisture levels, starting in saturated conditions until reaching equilib-
rium with the environment (Fig. 4C and 4D). In the stage with more
humid wood, greater dispersion of the samples was observed than in the
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Fig. 3. Mean raw spectral signatures of the chips in different anatomical planes (Fig. 3A) and by drying stage (Fig. 3B) in Eucalyptus grandis wood obtained with

benchtop and portable NIR instruments.
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Fig. 4. PCA scores and PC loadings by wood surface and drying stage for the spectra treated with the first derivative from the benchtop NIR (A, C, and E) and the

portable NIR instrument (B, D, and F).

drier stages. This trend was observed in the studies by Medeiros et al.
(2023) in cellulosic pulp and by Amaral et al. (2020) in the examination
of wood chips.

These variations were explained by the heterogeneity of the wood
because, at moisture levels above the FSP, the amount of water varied
depending on the inter- and intracellular spaces (Gezici-Koc et al.,
2017). Since the examined samples were from different pith-bark and
base-top positions, variations in the proportions of juvenile wood and
mature wood, late wood and early wood, and, consequently, wood
porosity were very likely. The development of models to discriminate
the drying stage of wood is important in decision-making in forest-based

industries because moisture directly interferes with several productive
sectors, such as the production of pulp, furniture, panels, and charcoal.

In the principal component analysis loadings plots, the reflectance
peaks were similar to those in the spectral signatures. Regarding the
performance of the instruments, the portable NIR showed higher values
than the benchtop NIR, in which the sum of principal component 1 and
principal component 2 discriminated 99.50% of the information. In the
benchtop NIR, 94.90% of the explanation of the data variation was
represented by component 1, which was close to the portable instru-
ment. Using PCA, Amaral et al. (2020) indicated that the discrimination
of the drying steps in wood with benchtop NIR spectra was higher than
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99.85%; these results were similar to those of this study. However, there
are no reports of the use of portable NIR instruments for this purpose,
highlighting the unprecedented nature of this information.

3.4. Partial least squares discriminant analysis

Basic density classification models for different wood moisture
contents were fitted by PLS-DA based on the raw spectra collected from
the NIR instruments (Table 1). In the confusion matrix, for the “very
low” density class, no prediction success was achieved, regardless of the
instrument used. For the “medium” class, success was obtained on the
order of 93% and 94% for the benchtop NIR and portable NIR in-
struments, respectively.

A possible understanding of these results can potentially be based on
the explanations by Kollmann and Coté (1968). The authors mentioned
that low-density wood has cells with thinner cell walls and more pits.
This, in turn, can induce multisurface reflectance, thus reducing the
potential of electromagnetic radiation to capture the pertinent infor-
mation. The presence of water can also influence this result because
water vapor is capable of generating variations in the spectral signal due
to the instability of the molecular geometry.

The success rate of the model developed with the benchtop instru-
ment was 78%, which was slightly higher than that of the portable in-
strument with a 75% accuracy. Thus, the two instruments were able to
classify the basic density of wood. Notably, the choice of instrument is
influenced by the application environment and the nature of the sample,
i.e., directly in the field or in the laboratory. In the study by Lima et al.
(2022b), PLS-DA models for wood basic density classification were
adjusted and their reported classification success rates were higher than
90%. However, the studied wood was at the equilibrium moisture con-
tent (~12%).

For the adjusted models to be promising for controlling the quality of
raw materials in forestry companies, it would be necessary to expand the
database with a greater range of variation, since the accuracy of the
models was around 70%. Even so, although the statistical parameters in
the "very low" and "low" moisture classes have shown inferior perfor-
mance in predicting density, there is potential for using this tool to
predict moisture in different packaging conditions of wood particles.
This is in line with what was presented by those in the wood pulp and
paper processing production chain, the ranges of density values that
must be monitored are between 0.50 and 0.75 g cm-2 , falling within the
range indicated in this study. Thus, even though the classification has
less predictive capacity for the lower classes, our results fell within the
moisture range that industries monitor wood in the pulping process and
standardization of the final product.

3.5. Partial least squares regression

The models fitted by PLS-R to predict the basic density of the wood at
different moisture levels exhibited coefficients of determination ranging

Table 1
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from 0.77 to 0.86 in the different validations (Table 2).

In the spectra without mathematical treatment, the most appropriate
statistical parameters were obtained for the radial surface on the
benchtop instrument, with a coefficient of determination of 0.81 in the
cross-validation. The error associated with the models followed similar
values for RMSEcv and RMSEp, demonstrating uniformity in the data
matrix. This consistency was observed in the cross-validation and in-
dependent validation, in which the correlation values did not differ from
each other.

When applying mathematical treatment to the spectra, the models
showed an increase in the coefficient of determination, and the
tangential surface began to exhibit the best statistical values for both
instruments and validation methods. The first derivative was the most
efficient mathematical treatment, except for the radial surface in the
portable instrument. In the performance deviation relationship (RPD),
the models maintained low variation, with values between 2.20 and
2.45, meeting the predictions cited in the literature (Williams and So-
bering, 1993; Fujimoto et al., 2007). The prediction coefficient of the
models and the deviation performance ratio were selected according to
the lowest error associated with the correlation for each piece of
equipment and surface.

Regarding the type of instrument, the models showed low influence,
but the portable NIR exhibited a slight reduction in the statistical pa-
rameters in certain correlation adjustments. According to Santos et al.
(2020), this decrease in the performance of the models could be
explained by the spectral readout area since the integrating sphere was
approximately 10 mm in diameter, while the optical system had a point
area, with less representation of the wood surface. However, both in-
struments were efficient in predicting the basic density of wood at
different humidities.

Amaral et al. (2021) predicted the basic density of Eucalyptus wood at
equilibrium moisture with original spectra in a benchtop NIR instru-
ment; their data showed R2cv= 0.70, RMSEcv= 0.4 and RPDcv= 1.83
on the radial surface of the wood, and the data treatment with the first
derivative showed improvements in the models. Siesler et al. (2008)
recommended the use of mathematical treatments in spectral data in the
NIR to minimize noise in the spectral signal and indicated that the first
derivative was one of the main treatments because it reduced the sys-
tematic displacement of the baseline.

Vimal and Dubey (2014) used NIR spectroscopy to estimate the basic
density of Eucalyptus tereticornis wood in the green condition (30%
moisture) and evaluated the spectral acquisition mode (integrating
sphere and optical fiber) and the effect of the radial and tangential
surface on the model calibration. The best coefficients of determination
were obtained on the radial surface and on the integrating sphere, which
corroborated the results of this study.

Fig. 5 shows the plots of the PLS-R validation of the data with first
derivate mathematical treatment to predict the basic density of Euca-
lyptus grandis wood at different moisture levels, and the property cor-
relation was performed with the values determined in laboratories via

Confusion matrix of the partial least squares analysis for the classification of wood density at different moisture contents in the two NIR instruments.

Classification of wood density

Very low Low Mean High N of samples %Success Total
Real class
Benchtop NIR Instrument
Predicted class Very low 0 30 30 0 78%
Low 336 323 659 51
Mean 126 1664 1790 93
High 199 35 234 15
Portable NIR Instrument
Predicted class Very low 0 30 30 0 75%
Low 329 330 659 50
Mean 106 1684 1790 94
High 200 34 234 14
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Table 2
Statistical parameters of the PLS-R models to predict the basic density of Eucalyptus grandis wood at different moisture levels.
Instrument Surface Treatment RZ%cv RMSEcv R%p RMSEp RPDcv
Benchtop RD untreated 0.817 0.038
TG 0.794 0.054 0.810 0.053 2.20
RD 1°D 0.833 0.036 0.831 0.037 2.45
TG 0.857 0.045
RD 2°D 0.798 0.040
TG 0.831 0.049
RD SNV 0.797 0.040
TG 0.796 0.054
Portable RD untreated 0.815 0.038 0.813 0.038 2.33
TG 0.771 0.057
RD 1°D 0.780 0.041
TG 0.827 0.049 0.833 0.048 2.44
RD 2°D 0.777 0.042
TG 0.815 0.051
RD SNV 0.788 0.041
TG 0.815 0.050

RZc - coefficient of determination for calibration; RMSEc - root mean square error for calibration; R%cv - coefficient of determination for cross-validation; RMSEcv - root
mean square error for cross-validation; R?p - coefficient of determination for prediction; RMSEP - root mean square error for prediction; RPDcv - the ratio of per-
formance to deviation for cross-validation. RD — Radial; TG — Tangential. 1D - first derivative; 2D - second derivative; SNV - standard normal variate.
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Fig. 5. Plot of the PLS-R validations treated with first derivative to predict the basic density at different moisture contents by type of instrument and wood surface.

conventional methods and predicted via NIR technology with the
benchtop and portable instruments and the scattering trends for the
radial and tangential surface of the wood.

Visually, the effect of the instrument and the wood surface was
negligible; however, when analyzing the predicted values, a reduction in
the coefficient of determination was observed on the radial surface with
the benchtop and portable NIR. Costa et al. (2018) reported that the
spectral reading on the radial surface included information from several
years of wood formation, while in the tangential direction of the shaft,
the representativeness of the wood formation was from a shorter period,

which agreed with our model results. In the study by Costa et al. (2019),
models developed with a benchtop NIR instrument to predict wood
moisture in different water proportions also showed adequate prediction
values, corroborating our basic density results for wood.

Based on the analysis of the coefficient of determination of the PLS-R
models by drying stage, the wood moisture did not affect the R* values of
the cross and independent validations, regardless of the instrument or
surfaces, reinforcing the potential of NIR technology for industrial use
(Fig. 6). The error associated with the PLS-R models showed uniform
variation, with values between 0.02 and 0.06 g/cm®, in the cross-
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Fig. 6. Graphs of the prediction of the basic density per drying stage (stage 1 - wetter to stage 9 - drier) in different surfaces and instruments in the cross-validation

(A) and in the independent validation (B) and their respective errors (C and D).

validation and the prediction.

The radial surface maintained the best statistical performance in all
models, and the tangential surface presented reduced values. This an-
swers one of the hypotheses outlined in this research, considering that
for the wood under study, the anatomical plane can contribute to
improving estimates. This can be seen more clearly when analyzing the
most significant statistical parameters observed in drying step 9; here,
the chips were at equilibrium moisture content with the environment
(~12%). However, the difference in values between the drying stages
was practically insignificant because the robustness of these models was
suitable for practical field and laboratory applications.

Arriel et al. (2019) estimated the basic density of Eucalyptus wood at
equilibrium moisture using benchtop NIR and reached R*cv= 0.55 and
RMSEcv= 0.26 for the spectra treated with the first derivative and
collected on the transverse surface. In the same way, Costa et al. (2018)
predicted the basic density with R?p = 0.73 and R®p = 0.76 on the
tangential and radial surfaces, respectively.

Thus, the radial surface had the most reliable results, in agreement
with the results of this study. This could be explained by the fact that the
radial section of Eucalyptus wood was characterized by greater exposure
of the fiber mass, which was highly correlated with wood density (Pir-
ralho et al., 2014). The tangential section had part of its exposed area
covered by voids in the lumens of the radial parenchyma, causing
discontinuity of the woody mass. Thus, this discontinuity in the
tangential section could potentially cause a reduction in the spectral
interaction with the cell wall of the fibers.

By observing the global model plot and its p-coefficients for the basic
density of Eucalyptus grandis wood in the NIR instrument, verification of
the predictive accuracy for the models was fairly possible, and the model
accuracy in different wood moistures and surfaces was maintained
(Fig. 7).

In the B-coefficients of the global model, the most significant refle-
tance peaks were in the band 5500 cm™! and the range of

6800-7200 cm ™!, for benchtop and portable equipment, respectively.
Medeiros et al. (2023) developed a global model for the prediction of
cellulosic pulp moisture at different moisture contents and pulp types
using benchtop NIR, and the results were also promising, with an R of
0.95, RMSEp of 0.1 g/cm® and p-coefficients with peaks in the band
5500 cm ™!, with reflectance NIR values ranging from — 1.50-2.25.
Honorato et al. (2007) report that the global model enhanced the vali-
dation ability to predict the property of interest due to possible varia-
tions in data analysis.

Visually, the PLS-R correlations of the instruments were similar, with
equivalent linear trend adjustments and minimal differences in the
prediction values. Thus, in the results of the present study, the proposed
objectives were achieved because the instruments demonstrated equiv-
alent performance, with the main difference being in their handling.
Thus, the benchtop and portable NIR instruments could be used to es-
timate the basic density considering different moisture contents and
wood surfaces.

It is worth noting that this study has limitations regarding species
diversity, as in this work only Eucalyptus grandis wood was considered.
Additionally, the storage and drying conditions of the wood under study
were standardized, unlike what occurs in sawmills and wood storage
yards, where the raw material is eventually exposed to photo-
degradation, oxidation, and deterioration by xylophagous agents.

Therefore, it is necessary to carry out more studies considering the
sources of variation to better understand the influence of these factors on
the predictions of wood technological parameters, especially density.
Considering that this parameter varies between species, and between
different positions of the trunk (pith-bark and base-top), it is influenced
by management and silvicultural treatments, varies between growth
rings, and is also influenced by nutritional parameters and water
availability. This, in turn, will reflect different spectral responses that
can influence the obtaining of predictive models from NIR spectroscopy.
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Fig. 7. Global model for the basic density of Eucalyptus grandis wood in benchtop (A) and portable (B) NIR instruments, with spectra treated with first derivative.

4. Conclusion

The PLS-R models developed with the NIR spectra showed adequate
coefficients of determination (R? of 0.77-0.85) to predict the basic
density of Eucalyptus grandis wood at different moisture levels, and the
performances of the models were not affected by moisture content. Thus,
based on these models, the basic density could be fairly estimated in
woods recently cut or after the desorption of water in industrial yards,
contributing to the optimization of production processes.

The radial surface of the sample, with the spectra without mathe-
matical treatment, was the most suitable for spectral collection,
regardless of the NIR instrument used. The instruments showed equiv-
alent application potential. However, the portable NIR instrument has a
lower cost, and its operation is more dynamic than that of the benchtop
instrument. Thus, based on the results from this study, the acquisition of
reliable estimates with different NIR spectrometers was possible.
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