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Abstract: Fast-growing teak is widely cultivated in Indonesia to address the supply and demand of teak trees.
However, efforts still need to be made to evaluate the condition of standing teak trees during their growth
period. Studies on nondestructive testing (NDT) of wood based on electrical properties through dielectric
spectroscopy (DS) are recently being developed, especially for standing tree evaluation. The study aimed to
analyze the dielectric value of a fast-growing standing teak tree at frequency ranges 250 kHz — 60 MHz and to
understand the relationships between physical and anatomical properties. Dielectric spectroscopy data were
collected directly on the trees 4, 5, and 7 years old using a capacitance measurement system. Meanwhile,
physical and anatomical samples were taken using a & 0.5 cm increment borer. The results showed that fiber
length (FL), lumen diameter (LD), and fiber wall thickness (FWT) were significantly different at each tree age.
This research found the optimal dielectric frequency to discriminate the wood properties in standing trees.
There is a weak relationship (R= 0.2) in predicting the anatomical wood properties, while moderate to strong
relationships (R= 0.4 to R= 0.8) are found in predicting wood density based on the selected frequency and
moisture content variables. Further analyses and data processing can be improved by finding significant
variables in the capacitance measurement system.

Keywords: dielectric spectroscopy; nondestructive; standing trees; wood capacitance; wood properties

1. Introduction

Owing to its inherent strength, durability, and attractive fiber structure, teak wood is widely
used for various applications. Commercial teak wood usually comes from mature trees, which can
be expensive to produce as a finished product as well as a raw resource. The challenge of supply and
demand imbalance cannot be overlooked. Therefore, the development of fast-growing teak varieties
has emerged as a potential solution to address this issue [1-3].

Several studies have shown that the fast-growing teak can produce satisfactory quality in shorter
rotations. However, it is still lower than conventional teak wood, especially in density and hardness
[4-8]. Fast-growing teak is more susceptible to external disturbances such as weather and attacks
from wood-decaying organisms. In many field cases, cavity portions inside the wood are often found
during harvesting, which impacts its market value. To avoid losses due to poor quality, it is necessary
to make efforts to evaluate the tree's condition to ensure that it is in a suitable state for felling. Tree
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health monitoring is the process of regularly monitoring and evaluating trees' condition. Monitoring
aims to identify tree problems quickly so that appropriate treatment can be taken to prevent further
damage. Several studies evaluating tree conditions have led to nondestructive methods due to their
practicality, eliminating the need to fall the trees [9-14]. The principle of nondestructive methods is
to build a model to predict a parameter's value based on the observed variables' characteristics.

Some studies revealed the existence of electrical properties potentials in trees that could be
related to physiological processes in trees [15,16]. The tree electrical properties approach is also used
to determine the quality of trees for sawlogs and breeding programs [17-20]. Quality prediction
through the electrical potential approach in wood has been done in several studies on small wood
samples [21-23]. Wood has dielectric properties, especially capacitance, which correlate highly with
its hardness and specific gravity [21]. Understanding the electrical properties of wood and the
electrical potential in trees is still an evolving research area and requires further research for a better
understanding. A study about predicting wood quality through dielectric properties at low frequency
has been conducted and has shown promising results for predicting MC at wood chips [22]. Yet, the
prediction model for trees can be challenging due to the fresh conditions with moisture content above
100%. Some studies have shown that fresh wood affects the signal inaccurately in model prediction
[24-26].

Dielectric spectroscopy (DS), also known as impedance spectroscopy, is a widely employed
technique for examining the response of a sample when subjected to an electric field of varying
frequency. It enables the characterization of a material's dielectric properties concerning frequency.
DS is commonly used to investigate the molecular dynamics and relaxation processes of materials,
such as polymers, liquids, glasses, and biological systems. By analyzing the dielectric response over
a range of frequencies, valuable information about the molecular structure, dynamics, and
interactions within the material can be obtained. The measurement setup typically involves applying
an alternating electric field to the material under study and measuring the resulting current or charge
response. Using appropriate mathematical models, the complex permittivity is then calculated from
the measured impedance or admittance. DS can be applied across an extensive frequency range, from
very low frequencies in the millihertz (mHz) range to extremely high frequencies in the terahertz
range (THz) [27-31]. Overall, dielectric spectroscopy is a powerful tool for understanding the
electrical behavior of materials and has broad applications in both fundamental research and practical
applications.

In NDT evaluation, the data analysis and modeling method to predict wood quality are
important in determining the model's accuracy. Preprocessing data is necessary to avoid electrical
system noises and normalize the data that carry important information [32]. The modeling approach
that is commonly used is a regression [21-23]. The development of machine learning (ML)-based
regression models is increasingly being explored [33-35]. ML models can deal with complex datasets
encompassing nonlinearity or missing data.

The main of this study was to analyze the dielectric characteristics of a fast-growing teak
standing tree using DS method at multiple frequencies (ranges 250 kHz — 60 MHz) and to determine
the relationships between dielectric characteristics and the physical and anatomical properties.

2. Materials and Methods

2.1. Site, Tree Selection, and Sampling

This study observed fast-growing standing teak trees cultivated at the state-owned company of
plantation forest, namely Perhutani KPH Bogor, BKPH Parungpanjang, in West Java, Indonesia.
Trees were selected from three different ages, i.e., 4-, 5- and 7-year-old, from three different plots for
each age. Information related to location, planting year, and planting plots are shown in Table 1 and
Figure 1. A Total of 90 trees were chosen, which were taken out from 30 trees from each age.

Table 1. Information of the teak tree observed in this study including planting year, tree age, plot
number, plot name, forest management resort (RPH), district location, and coordinates.
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Year of Tree RPH Plot Plot Name . Coordinates
. Village
Planting Age Number

Plot 19-A Lat. 6°23'8.95"S - 6°23'18.27"S
2019 4 years Jagabaya 43A-2 Plot 19-B Jagabaya Long. 106°31'20.03"E -

Plot 19-C 106°31'27.10"E

Plot 18-A Lat. 6°25'49.82"S - 6°28'58.28"S
2018 5 years Maribaya 31A-1 Plot 18-B  Barengkok Long. 106°28'52.53"E -

Plot 18-C 106°29'7.46"E

Plot 16-A Lat. 6°25'53.61"S - 6°25'54.91"S
2016 7 years Maribaya 23B-1 Plot16-B  Barengkok Long. 106°28'52.53"E -

Plot 16-C 106°29'8.66"E
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Figure 1. Research map location of fast-growing teak tree sample observation.

2.2. Field measurement

The main data on electrical capacitance value was collected using a capacitance measurement
system for small wood samples with various moisture content [22]. The working principle of this
device involves using the DS method by emitting multi-frequency static electricity. This study's
frequency range is 250 kHz — 60 MHz. The tool built-in includes a Vector Network Analyzer (VNA)
and other accessories for the display monitor, including a portable battery. The sensor used is
designed like a belt tied tightly to a tree trunk and equipped with a buckle to lock the position of the
sensor so that it does not shift easily. (Figure 3a). The sensor consists of transmitter (Tx) and receiver
(Rx) electrodes made of copper foil, covered with a ground electrode to minimize noise. The two
electrodes on the sensor are installed facing each other and cover the perimeter of the tree trunk
(Figure 3b). The maximum diameter of the tree measured is 30 cm.
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Figure 2. Set-up testing of wood capacitance measurement system: (a) placement of the sensor and
testing processing, (b) sensor covering the tree trunk.

The tree was measured by switching on the device and setting the system. The measurement
software sets the frequency ranges at 250 kHz — 60 MHz. Frequency selection in this range is based
on tool capacity and preliminary research. Testing begins with the calibration process carried out on
the measurement port. After that, the connection cable of the computer was connected to the
capacitive sensor, and the sensor was installed on the tree trunk at the diameter breast height (DBH).
It should be noted that the sensor installation must ensure that the two electrodes face with precision
and are attached to the tree securely so as not to shift because it will affect the signal read. After the
sensor has been installed properly, the electrical waves are generated through the control system,
which will be forwarded by the Tx electrode, through the bark and log media, and then received by
the Rx electrode. The spectrum of the captured signal is displayed on the monitor display as raw
data.

2.4. Physical and Anatomical Properties Observation

To evaluate physical and anatomical properties, the core sample was collected using increment
borer @ 0.5 cm along bark until the tree pith. The core sample then stored into straw to prevent any
damage during storage and prevent the moisture loss and to maintain the actual moisture. The
physical properties observed were moisture content (MC), green wood density (GD), and specific
gravity (SG).

Moisture content testing was carried out using the gravimetric method based on the initial
weight and oven dry weight of the sample at a temperature of 103 + 2 °C until a consistent mass was
achieved after referring to [36] with calculations based on equation (1).

initial green weight—oven dry weight

MC (%) =

x 100, (1)

oven—dry weight

Meanwhile, GD and SG are determined using the displacement method. The displacement
method that uses water as a fluid is effective when applied to green materials because of minimal
water absorption by wood [37]. GD and SG are calculated using equations (2) and (3).

GD (L

) __ initial green weight
cm3) —

green volume ’ ()
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(oven dry weight

SG = ) / pwater 3)

green volume

The anatomical structure observation was conducted on sectioned specimens prepared from the
core sample. Wood samples were softened in a mixture of water and glycerol (1:1) and then heated
in the microwave gradually. The samples were then sliced in 18 pum thickness using a sliding
microtome for cross, radial, and tangential sections. The sections were stained with 2.5% safranin
solution, dehydrated with graded alcohol, soaked with xylene and toluene to remove the dehydrating
agent, then mounted on the glass slide with Entellan. The sample of maceration was prepared by
making a small stick from each sample code and then put into a test tube that contains hydrogen
peroxide (H202) and acetic acid glacial (CH3COOH) in the ratio of 1:1 (v/v), heated on the water
bath.

Anatomical features were evaluated according to the International Association of Wood
Anatomists (IAWA) list for hardwood species [38] using a Digital Microscope Olympus DP22. The
microscopic features include the dimensions of fiber length (FL), fiber diameter (FD), lumen diameter
(LD), and fiber wall thickness (FWT). Measurements were also made for vessel length (VL) and vessel
diameter (VD). At each sample, 30 measurements were conducted randomly for each microscopic
feature.

2.5. Data Analysis

The raw imaginary data collected from the capacitance measurement system were analyzed to
obtain the real data value. Analysis was performed using the Python programming language and the
sci-kit-learn package. The imaginary data from the prototype capacitance monitoring system is still
raw data, so it needs to be processed to obtain electrical values such as impedance, resistance, and
capacitance. This process is mentioned as preprocessing data. There are many methods to preprocess
raw data to obtain the right data that brings important information without erasing another. This
preprocessing data involved several steps data extracting, outlier detection, outlier removement,
filtering clean data, data scaler, and data transformation.

Statistical analysis was carried out to develop correlations between variables were analyzed
using Spearman’s correlation, while the predictive relationship model was processed using
multivariate regression. This process involved filtering and regression analysis to develop the
prediction models [32,34].

3. Results

3.1. Dielectric Characteristics of Fast-Growing Teak

The measurement results obtained using the capacitance measurement system on fast-growing
standing teak tree were still in raw data form. Subsequently, data extraction was required to
determine the real values of impedance, resistance, and capacitance within the frequency range of
250 kHz - 60 MHz. The results of extraction process were visualized into graphics that showing the
distribution of each dielectric value along frequencies. The graphics can be seen in Figure 3.

In Figure 6a and 6b, the distribution of dielectric values for impedance and resistance exhibits a
decreasing trend as the frequency of emitted static electricity increases within the observed frequency
range. According to previous research [30], at nearly all temperature levels, it is observed that the
dielectric loss diminishes with increasing frequency. Nevertheless, in the high-frequency range (>1
MHz), the dielectric loss curves reach a saturation point. The low-frequency region exhibits
significant energy loss, which can be attributed to dipolar polarization, space charge, and polarization
associated with rotation-direction that emerges in this particular frequency range.

The capacitance value exhibited a notable increase within the frequency range of 15 to 17 MHz,
whereas at other frequencies, the capacitance value approached zero. However, it should be noted
that the data at this stage is in its raw form, including outliers and missing values resulting from
measurement errors that may be influenced by environmental factors, sensors, or the measurement
system itself [29,31]. The subsequent step involves identifying and addressing outliers and missing
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data, thereby retaining the intact data that holds crucial information regarding the material's
polarization response to the electric field.
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Figure 3. Distribution of dielectric value at frequency ranges 250 kHz — 60 MHz: (a) Impedance, (b)
Resistance, (c) Capacitance.

The study conducted a wide range of frequencies to explore the optimal dielectric frequency that
can differentiate wood mass from air based on impedance, resistance, and capacitance properties.
The dielectric value spectra of a standing tree and air are expected to exhibit different shapes due to
their distinct permittivity. Permittivity refers to the material's influence on the electric field in
response to an electric charge. Air has lower permittivity compared to solid materials like wood,
especially fresh tree wood with high water content, as water has a very high permittivity [40].
Therefore, a spectrum analysis is necessary to identify distinct peaks that represent the characteristics
of teak wood.

The graphical representation of raw data extraction revealed significant differences between the
dielectric values of wood and air at specific frequencies. Furthermore, variations in frequency peaks
were observed among different tree ages. Specifically, the dielectric values of 4-year-old teak trees
exhibited the highest frequency peaks, followed by 5-year-old teak trees, and the lowest frequency
peaks were observed in 7-year-old teak trees.

In Figure 3, the optimal frequency range is identified by a black-outlined box. The peaks in the
graph revealed distinctive characteristics for different tree ages. Specifically, a 4-year-old teak tree
exhibits peak values of Z and R at a frequency of 23 MHz, and a peak value of C at 20 MHz. For a 5-
year-old teak tree, the characteristic peaks for Z and R were observed at a frequency of 21 MHz, while
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the peak value of C is at 19 MHz. In comparison, a 7-year-old teak tree shows peak values of Z, R and
C at a frequency of 18 MHz. These results indicate that the electrical properties of trees can be
differentiated based on their age, with older trees displaying lower peak frequencies. However,
further research is required to validate these findings. Table 2 provides information on the optimal
peak frequency characteristics for each tree age.

Table 2. The characteristics of the dielectric value at each tree age identified based on the frequency
that contains the peak.

Frequency containing peak

Tree Age

Y4 R C
4 years 23 MHz 23 MHz 20 MHz
5 years 21 MHz 21 MHz 19 MHz
7 years 18 MHz 18 MHz 18 MHz

Note: Z= impedance, R= resistance, C= capacitance.

The dielectric frequencies mentioned in the Table 2 were considered to indicate the properties of
wood in fast-growing standing teak trees. Accordingly, these variables will be utilized as predictors
in developing a model for estimating the physical and anatomical properties.

3.2. Physical and Anatomical Properties

In the construction of a predictive model to determine wood quality, the inclusion of data
derived from destructive testing of the observed wood is deemed essential. Destructive testing data
is necessary to build a more reliable and dependable predictive model. Destructive testing data
provides a set of data that has not been seen by the model during the training process. By using this
data, we can obtain a more objective estimate of how well our model will perform on new data that
has not been seen be-fore. Evaluation on the destructive testing data provides a more accurate insight
into the actual predictive capabilities of the model. The results of destructive testing are shown at
Table 3 and 4.

Table 2. Information of tree age and mean data of DBH and physical properties analysis from the
core sample.

Tree Age DBH (cm) MC (%) GD (gr/cm?) SG
4 years 12.463 132.9082 1.078= 0.4652
5 years 13.953 133.881= 1.0842 0.4652
7 years 21.317 138.3602 1.1342 0.4792

Note: DBH= diameter breast height; MC= moisture content; GD= green density of wood; SG=
specific gravity; letter in same column denotes no significant difference at a=0.05.

The results of statistical analysis on the core samples physical properties revealed no significant
differences in MC, GD, and SG among different tree ages. This indicates that MC, GD, and SG remain
relatively consistent regardless of the tree's age. However, there was an overall increase in MC, GD,
and SG values as the tree age advanced. Notably, 7-year-old teak trees exhibited the highest GD value.
This occurrence can be attributed to the close relationship between density and hardwood growth
rate. Density tends to increase with a higher growth rate, as a larger portion of mature wood is formed
over time, leading to increased density [37, 39]. Both MC and GD values increase with increasing tree
age, while SG only demonstrated an increase in 7-year-old trees. It is possible that the minimal
differences in growth rates between 4 and 5-year-old teak trees contribute to the limited disparity
observed in their properties.


https://doi.org/10.20944/preprints202312.2188.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 28 December 2023 doi:10.20944/preprints202312.2188.v1

8

0.70 0.70

y =-0.0014x + 0.6604 y =-0.0018x + 0.6996
0.60 e R? = 0.6668 0.60 R? = 0.6651
0.50 0.50

: 7
0.40 0.40
0.30 0.30
0.20 0.20
60 110 160 210 60 110 160 210
MC (%) MC (%)
(a) (b)
0.70 0.70
y =-0.0019x + 0.7368 y =-0.0016x + 0.6888
0.60 R? = 0.8501 0.60 ° R?=0.6733
0.50 0.50
A A
0.40 0.40
0.30 0.30
0.20 0.20
60 110 160 210 60 110 160 210
MC (%) MC (%)
(c) (d)
Figure 4. Relationship between SG and MC: (a) Teak 4-years, (b) Teak 5-years, (c) Teak 7-years, (d)
Total teak at all ages.

Figure 4 shows the results of correlation analysis between MC and SG, where the correlation
that occurs was negative (-) with R2 = 0.67 which mean the higher the MC, the lower the GD. The
negative correlation between MC and SG in wood is primarily due to the fact that as moisture content
increases, the overall density of the wood decreases. Moisture content represents the amount of water
present in the wood, while specific gravity measures the density of the wood relative to the density
of water. When wood has a higher moisture content, it means that a larger proportion of its weight is
made up of water. Since water has a lower density than the solid wood material, the overall density
of the wood decreases as moisture content increases. As a result, the specific gravity of the wood
decreases. Conversely, when moisture content decreases, the water within it evaporates, causing the
volume of the wood to shrink while the mass remains relatively constant. As a result, the density of
the wood increases. This is because water has a lower density compared to the wood fibers
themselves. Therefore, as the moisture content of the wood decreases, its density increases [16,41].

Anatomical properties analysis was conducted to obtain microscopic dimensional characteristics
of the wood at each tree age. Dimensional measurements were performed on sectioned and
macerated samples as shown in Figure 5. These measurements were carried out to determine the
characteristics of the tree's anatomical structure and to assess whether there was a correlation with
the tree's dielectric values. The average measurement results are presented in Table 3.

&
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Figure 5. Microscopic features measurement method at maceration sample: (a) fiber; (b) vessel.

According to the anatomical data analysis, there were found that FL, LD, and FWT, were
significantly different among each tree ages. As presented in Table 3, the FL value tends to increase
with the tree's age, along with the FWT. Conversely, LD tends to become narrower or smaller. This
reduction in lumen diameter can be attributed to the thickening of wood fiber walls during tree
growth [39]. This observation is supported by the increased FWT with tree age. Other anatomical
structures did not exhibit significant differences based on tree age. However, it was noted that FD
tends to decrease, while VL and VD increase. Microscopic images of the cross, radial, and tangential
sections of fast-growing teak wood can be found in Figure 6.

Table 3. Mean data of anatomical properties dimension measurements.

Tree Age FL FD LD FWT VL VD
4 years 1,329.38a 24.69a 11.49a 5.41la 287.12a 161.22a
5 years 1,270.24ab 24.00a 12.52a 5.93b 289.27a 178.54a
7 years 1,483.18b 23.16a 11.14b 6.04b 291.05a 168.89a

Note: FL= fiber length; FD= fiber diameter; LD=lumen diameter; FWT= fiber wall thickness; VD=
vessel diameter; VL= vessel length; MC = moisture content; letter in same column denotes no
significant difference at a=0.05.

Figure 6. Microscopic sections (magnify 20x) of fast-growing teak core samples, each consisting of
cross-section, radial, and tangential sections in teak 4-years for (a), (b), (c), teak 5-years for (d), (e), (f),
and teak 7-years for (g), (h), ().

Figure 6 illustrates a magnified microscopic image of sectioned fast-growing teak wood, taken
from a core sample. The images were captured at a 20x magnification level, with a scale of 200pm.
Analyzing the microscopic images in the cross-section revealed that the lumen diameter of the 7-year-
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old teak appears smaller, while the fiber walls appear thicker compared to teak of 4 and 5 years of
age. Additionally, examining the radial plane demonstrates that the ray parenchyma of the 7-year-
old wood is longer in comparison to the other samples.

The observed smaller lumen diameter of the 7-year-old teak compared to the younger samples
can be attributed to the natural process of wood maturation and growth. As trees age, their wood
undergoes structural changes and becomes denser. In the case of teak, which is known for its high-
density characteristics, the growth rings become more distinct with age [2,3,39].

3.3. Regression Model Development

Modeling was conducted on Z, R, and C at frequencies mentioned on the Table 2 as independent
variables to estimate dependent variables namely MC, GD, SG, FL, FD, LD, FWT, VD, and VL. Since
MC is very sensitive acts as the main physical characteristic of standing trees, it was also included as
an independent variable. The modeling was performed using the multivariate regression method.
The resulting model is presented in Table 4.

Table 4. Model prediction for each dependent variable.

Variable Model R R? Adj.R?
GD GD=0.997 + 0.001 MC + 0.021 Zz23m — 0.044 Coom 0.403 0.124 0.115
SG SG=0.696 — 0.002 MC — 0.06 Z21m + 0.010 Z2sm — 0.006 Rasm— 0.019 Caom 0.826 0.680 0.676
FL FL=1220.419 + 0.419 MC - 56.750 Z21m + 128.039 Rism — 80.542 Cism— 0.019 Ciom 0.157 0.025 0.006
FD FD=27.021 - 0.027 MC + 1.752 Za3m — 1.197 Raim — 1.064 Cism — 1.095 Caom 0.163 0.023 0.005
LD LD=12.214 - 0.013 MC + 1.154 Zism — 1.493 Ramvm+ 2.663 Rasm + 1.156 Ciom 0.178 0.032 0.015

FWT FWT=7.019 - 0.007 MC - 0.564 Zism + 0.744 Zoim + 1.071 Rism— 1.408 Cism — 0.957 Ciomv 0,209 0.044 0.022

VD VD=139.843 + 37.449 MC + 37.768 Z2im — 55.786 Z23m + 55.505 Raim + 44.834 Rasm 0.217 0.047 0.029

VL VL= 337.448 — 0.290 MC - 53.424 Zism + 54.630 Cism +22.411 Ciom— 34.574 Caom 0.175 0.031 0.012

Notes: GD= green density of wood; SG= specific gravity; FL= fiber length; FD= fiber diameter; LD=
lumen diameter; FWT= fiber wall thickness; VD= vessel diameter; VL= vessel length; MC = moisture
content; Zism= Z at frequency 18 MHz; Zxim= Z at frequency 21 MHz; Zxsv= Z at frequency 23 MHz;
Rism=R at frequency 18 MHz; Rzim= R at frequency 21 MHz; R2sm= R at frequency 23 MHz; Cism= C
at frequency 18 MHz; Ciom= C at frequency 19 MHz; Caom= C at frequency 20 MHz, R= coefficient of

regression, R?= coefficient of determination, Adj. R?= adjusted coefficient of determination.

Based on the regression model developed using the frequency variables Z, R, C, and MC, it was
known that the variables exhibit a strong relationship with SG with coefficient regression R = 0.826.
Additionally, it is observed that the variable moderately related with GD with R = 0.403. On the other
hand, the variables did not exhibit a satisfactory relationship with the anatomical properties.

In creating a multivariate linear regression model, there are several alternative models with
different complexities. However, the model chosen is the model with the highest Adjusted R-squared.
In interpreting regression results, R-squared is often used to assess how well a regression model fits
the observed data as a whole, while adjusted R-squared is more useful when comparing different
regression models with different numbers of independent variables. Adjusted R-squared provides a
fairer assessment of model performance by taking into account the complexity of the model and the
number of samples used. In addition, a better adjusted R-squared value indicates a lower standard
error of the estimation.

4. Discussion

Dialectical spectroscopy (DS) analyzes the frequency-dependent behavior of materials in the
frequency domain [9]. Polarization is the relation between molecular properties and its charges when
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subjected to the influence of an electric field [27]. The main polarization processes from the higher
frequency process up to the lowest frequency process are: atomic or electronic polarization, ionic
polarization, dipole or orientation polarization, and space charge polarization [28]. At low
frequencies, the direction of the electric field is allowed by the free rotation of the electric dipole of
the water molecules. A form of energy storage is presented by this type of polarization.
Simultaneously, positive and negative ions of dissolved salts move in accordance with the electric
field. Thus, the energy loss will be the result of such an electric current. The water molecules will not
be able to keep up with the variations in the electric field direction when the frequency rises. This is
considered the main reason behind the decrease in the electric field energy storage and the increase
in the energy losses. Water molecules do not respond to the electric field at higher frequencies [26].

This literature explains why in the frequency range that emitted to standing teak trees, there was
no significant response from the material is seen at high frequencies (Figure 3), unlike at low
frequencies where the distribution that interprets the response of the material is clearly recognized.
Most hygroscopic materials, including wood, contain water, which is the dominant factor in
influencing the dielectric properties of a material. Apart from that, dielectric properties are also
influenced by several factors such as the physical properties of the material (density, material
structure), the frequency used, temperature, and chemical composition [42]. If the water content of a
material is very high, the dielectric will be predominantly influenced by water because its permittivity
is higher than other chemical components (in the case of wood material it is the extractive substance).
Especially, standing tree wood where the water content is very high, up to more than 100%
(saturated) [43].

The theories may also explain why at difference age of trees, the dielectric properties have
different characteristics, especially the frequency that contain the peak value. As shown at Table 3,
MC of the fast-growing standing teak trees was increasing as the tree age advanced. Consequently,
the dielectric peak also affected to lower frequencies. Further study is required under various
conditions and sample variations to examine the impact of water content on the dielectric frequency
of standing trees.

However, the dielectric values as in the Table 2 were used as variables to estimate the physical
and anatomical properties of fast-growing standing teak trees, instead of using dielectric at low
frequency. The absence of a distinct peak difference between wood and air materials at low
frequencies, as illustrated in Figure 3, explains this decision. Frequencies >18 MHz were considered
optimal as they can effectively distinguish between wood and air dielectric materials.

5. Conclusions

Based on the conducted research, it is known that there are differences in the characteristics of
dielectric, physical, and anatomical properties in fast-growing teak trees at various ages. The physical
and anatomical properties are influenced by the tree's growth rate. Meanwhile, the varying dielectric
properties can be attributed to internal factors such as MC (moisture content), density, and extractive
substances, as well as external factors like environmental temperature.

The regression model constructed using the frequency variables Z, R, C, and MC revealed a
strong correlation with SG, achieving an accuracy of R = 0.826. Furthermore, a moderate correlation
was observed between the variables and GD, with an accuracy of R = 0.403. However, it was known
that the variables did not demonstrate a satisfactory relationship with the anatomical properties.

Overall, further research is needed to explore the relationship between dielectric properties and
the physical and anatomical characteristics of standing trees. In order to better understand the
correlation between dielectric properties and the physical and anatomical properties of wood,
additional research will be required. This will help uncover the factors that influence these properties
and their potential applications in various fields related to wood and forestry.
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