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Abstract: This study aimed to analyze the basic properties (chemical composition and physical and 
mechanical properties) of belangke bamboo (Gigantochloa pruriens) and its potential as a parti-
cleboard reinforcement material, aimed at increasing the mechanical properties of the boards. The 
chemical composition was determined by Fourier transform near infrared (NIR) analysis and X-ray 
diffraction (XRD) analysis. The physical and mechanical properties of bamboo were evaluated 
following the Japanese standard JIS A 5908 (2003) and the ISO 22157:2004 standard, respectively. 
The results showed that this bamboo had average lignin, holocellulose, and alpha-cellulose content 
of 29.78%, 65.13%, and 41.48%, respectively, with a degree of crystallinity of 33.54%. The physical 
properties of bamboo, including specific gravity, inner and outer diameter shrinkage, and linear 
shrinkage, were 0.59%, 2.18%, 2.26%, and 0.18%, respectively. Meanwhile, bamboo’s mechanical 
properties, including compressive strength, shear strength, and tensile strength, were 42.19 MPa, 
7.63 MPa, and 163.8 MPa, respectively. Markedly, the addition of belangke bamboo strands as a 
reinforcing material (surface coating) in particleboards significantly improved the mechanical 
properties of the boards, increasing the modulus of elasticity (MOE) and bending strength (MOR) 
values of the fabricated composites by 16 and 3 times. 
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1. Introduction 
As a country known for its high biodiversity, Indonesia has hundreds of bamboo 

species. It has the third-largest bamboo population in the world after China and India. 
Bamboo grows in dry to wet, tropical climates [1–4]. In addition to being used as a non-
permanent material in construction and furniture making, it has various industrial ap-
plications, such as fiber reinforcement, paper, textiles, oriented strand board, parti-
cleboard, food, and bioenergy [5–10]. Furthermore, it is a fast-growing plant with a short 
harvest time (3–5 years old) and high productivity of 20–40 tons/ha/year, 7–30% higher 
than woody plants [5,11–13]. 

One of the most common bamboo species of the Gigantochloa genus, found in 
northern Sumatra, is the Gigantochloa pruriens, an endemic species spreading across the 
Karo and Gayo districts in Indonesia. The culms of Gigantochloa pruriens are regarded as 
valuable feedstocks widely used in construction applications for manufacturing walls, 
pillars, roofs, etc. Similar to wood, bamboo also has various properties. The characteri-
zation of chemical, physical, and mechanical properties of belangke bamboo raw mate-
rials is a very important factor in determining its suitability for various commercial ap-
plications, one of which is as a raw material for manufacturing particleboard. Currently, 
research data related to belangke bamboo is still rather limited. Based on the literature 
review results, only one study related to the anatomical properties of belangke bamboo 
was found, which was reported by Darwis et al. [14]. Several studies have shown that, in 
general, bamboo has good mechanical properties so that it can be used as a raw material 
for structural composites and as a surface layer modification material to improve the 
strength of particleboard [7,9,10,15–17]. 

In particleboard manufacturing, mixing particles of two different species is not a 
common practice. Wood particles with stronger mechanical strength could be used to 
compensate for the inferiority of the other weaker wood particles in the particleboard 
[18,19]. Lee et al. [18,19] used rubberwood (Hevea brasiliensis) particles as a surface layer 
and oil palm trunk particles as a core layer to produce three-layer particleboard. The 
mechanical properties of the particleboard were found to increase along with the in-
creased proportion of rubberwood particles in the surface layer. The studies demon-
strated that the employment of stronger wood species as surface layer could result in 
improved mechanical strength of the composites. Bamboo was found to be a good rein-
forcing material for particleboard. De Almeida et al. [20] reported that the incorporation 
of 25% and 50% of Dendrocalamus asper bamboo into particleboard made of Eucalyptus 
urophylla × grandis wood had improved the bending strength of the particleboard pro-
duced. Mixing a more compressible wood with other noncompressible wood could en-
hance the compression and consolidation of the particleboard [21]. A study by Zaia et al. 
[22] reported the application of bamboo laminas of Dendrocalamus giganteus as a rein-
forcement for particleboard. The board produced showed a great potential to be used as 
construction materials. However, relevant studies are scarce, particularly those involving 
bamboo strands. Therefore, the goal of this research work was to investigate the basic 
properties (chemical composition, physical, and mechanical properties) of belangke 
bamboo (Gigantochloa pruriens) and evaluate its potential as a particleboard reinforcing 
material, aimed at improving the boards’ mechanical properties. 

2. Materials and Methods 
2.1. Materials 
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The Gigantochloa pruriens bamboo (Figure 1) was obtained from the Binjai region, 
North Sumatra (3°35′55″ N, 98°28′49″ E). The length and diameter of belangke bamboo 
used in this work were approximately 14 m and 6 cm, respectively. 

 
Figure 1. Bamboo clumps and bamboo middle culm cross-sections. 

Furthermore, the samples used for chemical and crystallinity composition observa-
tion were divided into three parts, namely bottom (B), middle (M), and top (T) as pre-
sented in Figure 2. 

 
Figure 2. Bamboo culm parts (bottom, middle, and top) for analysis of chemical components and 
physical–mechanical properties of bamboo. 

2.2. Methods 
2.2.1. Chemical Component Analysis 
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Material Preparation 
Sample preparation was performed according to the standards of the Technical 

Association of the Pulp and Paper Industry (TAPPI) T 257 cm-02 [23] and T 264 cm-97 
[24]. Furthermore, samples were mashed using a ring flaker/hammer mill/disk mill until 
all filtered through a sieve, number 40 mesh. 

Determination of Chemical Components 
a. Acid Insoluble Lignin Contents 

This test was performed based on National Renewable Energy Laboratory (NREL) 
Laboratory Analytical Procedure (LAP) 003 standard [25]. Empty filter funnel 1G3 was 
dried in an oven at 105 °C for at least 4 h before testing, cooled in a desiccator for 30 min, 
and weighed in the dry weight of the oven. Furthermore, a total of 0.3 g of the extractive 
free sample was weighed and put in a small vial with a wide mouth of ±20 mL, and the 
water content was measured based on TAPPI T 264 cm-97. In addition, it was added to 3 
mL of 72% sulfuric acid (Merck, Darmstadt, Germany), stirred using a magnetic stirrer 
for 2 h with 320 rpm at room temperature (conditioned using a Petri dish filled with 
water), transferred to a 100 mL Duran bottle, and diluted using 84 mL of distilled water 
to a final concentration of 4% sulfuric acid (Merck). The sample was tightly closed and 
heated by autoclaving at 121 °C for 1 h. Furthermore, a total of ±10 mL was filtered using 
an IG3 glass filter with the help of a vacuum and stored for measurement of ASL. The 
samples in the IG3 filter funnel were washed with a minimum of 50 mL of hot water and 
dried in an oven at 105 °C for 24 h. Consequently, the sample was removed from the oven 
and cooled in a desiccator for 30 min, and weighed. 
b. Acid Soluble Lignin Contents 

This test was performed based on the NREL LAP 003 standard [25]. The required 
volume of hydrolyzed filtrate sample and sulfuric acid (Merck) were diluted in a centri-
fuge tube or other container and was used to blank the spectrophotometer (Shimadzu 
UV-1800, Kyoto, Japan), which was set at a wavelength of 205 nm. The absorbance was 
measured within the range of 0.2–0.8 AU (absorption units). An absorbance outside this 
range indicates that the dilution should be performed with a blank of sulfuric acid 
(Merck). 
c. Holocellulose Contents 

A 1G3 filter funnel was dried in an oven at 105 °C for at least 4 h before testing. 
Furthermore, it was cooled in a desiccator for 30 min, and the oven-dry weight was 
weighed. A total of 1.0 g of the extractive-free sample was weighed and put into a 100 mL 
Erlenmeyer. Simultaneously, the sample’s water content was measured, and 40 mL of 
aquadest was added. A total of 1.5 mL of 25% sodium chlorite (Merck) was added to 
0.125 mL of 100% glacial acetic acid (Merck), tightly closed using heat-resistant plastic, 
and tightly tied using a rubber band. It was heated in a water bath for 1 h at 80 °C and 
repeated three times, cooled in an ice bath, and filtered using a previously weighed IG3 
filter funnel. In addition, it was washed with 100 mL of cold water and 25 mL of acetone 
and dried in an oven at 105 °C for 24 h. Consequently, it was removed from the oven and 
cooled in a desiccator for 30 min, and weighed. 
d. Alpha Cellulose Contents 

The test was performed using an empty 1G3 filter funnel dried in an oven at 105 °C 
for at least 4 h before testing. The IG3 was cooled in a desiccator for 30 min, and the ov-
en-dry weight was weighed. Furthermore, a total of 0.5 g of the holocellulose sample was 
placed into a ±20 mL wide-mouth vial. Subsequently, the water content of the sample 
was measured, and 6.25 mL of 17% sodium hydroxide (Merck) was added, ensuring that 
all samples had been moistened with the solvent. It was stirred using a magnetic stirrer 
for 15 min at 320 rpm and left without stirring for 30 min. Afterward, 8.25 mL was added, 
stirred for 5 min with 320 rpm, and left without stirring for 1 h. The sample was filtered 
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using an IG3 filter glass, rinsed using 25 mL of 8.3% sodium hydroxide (Merck), and 
washed with 100 mL of aquadest. Furthermore, it was added to 10 mL of 10% acetone 
(technical) and soaked for 3 min, rinsed with aquadest until the pH became neutral, and 
dried in an oven at 105 °C for 24 h. Afterward, it was removed from the oven and cooled 
in a desiccator for 30 min, and weighed. 
e. Extractive Contents in Ethanol Benzene (1:2) 

This test was performed based on the standard TAPPI T 204 cm-97 [24] by drying 
the boiling flask in an oven at 105 °C for at least 4 h and cooling it in a desiccator for 30 
min. A total of 3 g oven-dry weight (record the weight) of the empty boiling flask was 
weighed, inserted, and wrapped in filter paper with cotton at both ends and tied using 
mattress thread. The sample’s moisture content was calculated simultaneously at the 
time of weighing the sample for extractives. Meanwhile, the extractive device was ar-
ranged and turned on, adding 150 mL of 150 mL ethanol–benzene (1:2) into a boiling 
flask. It was extracted for a period of 24 cycles for 4–5 h until all were dissolved in the 
extracting solution (marked by the extracting solution in a colorless soxhlet) and re-
moved from the soxhlet. Furthermore, the extract solution in the flask was boiled in an 
oven at 40 °C and stored for further testing (holocellulose and lignin), evaporated until 
about 5 mL was left, and dried in an oven at 105 °C for 24 h. Afterward, it was cooled in a 
desiccator for 30 min and weighed. 
f. Ash Contents 

This test was performed based on TAPPI T 211 cm-02 standard [26]. The crucible 
porcelain was dried in a furnace (Blue M, New Columbia, United States) for 30–60 min at 
525 ± 25 °C and cooled for 30–60 min in a desiccator, and then the weight was recorded. A 
total of 1 g of dried bamboo powder was weighed in crucible porcelain of known weight 
and put into a furnace at 525 ± 25 °C for 6 h. Afterward, it was removed from the furnace, 
cooled in a 30–60 min desiccator, and weighed. 

2.2.2. Degree of Crystallinity 
The degree of crystallinity was estimated using X-ray diffraction (XRD) analysis 

diffraction intensity data. At 40 kV and 30 mA electrical current. An XRD (MaximaX-XRD 
700, Shimadzu, Kyoto, Japan) was employed with a Cu K X-ray source (0.15406 nm). A 
small amount of sample (40–60 mesh particle size) was placed in a holder glass and 
evaluated at room temperature with a 2°/min scanning speed and a 10–40° scanning an-
gle. As shown below, the degree of crystallinity was estimated using Equation (1) [27]. 

Xc (%) =  𝑥 100% (1)

where Fc denoted crystalline domains and Fa denoted amorphous domains. 
With the assumption that the sharp and broad peaks related to crystalline and 

amorphous domains, the peaks (crystalline and amorphous) were fitted using the Lo-
rentz function applied to the diffractograms. 

2.2.3. Near-Infrared Spectroscopy Acquisition 
Powdered bamboo samples were divided into three parts i.e., bottom (B), middle 

(M), and top (T), and then they were analyzed using a Fourier transform near-infrared 
(NIR) spectrometer (Perkin Elmer Frontier, Waltham, MA, USA) to obtain chemical in-
formation based on NIR specific bands. Scanning for each part was conducted at a 
wavenumber of 10,000–4000 cm−1. The spectral resolution and scanning parameter was 
set to 16 cm−1 with 32 scans. The absorbance spectrum was recorded after the normalizing 
with the spectral as the background for the NIR machine [28]. After obtaining the original 
spectra, the second derivatives were made using a Savitzky–Golay method [29], 
smoothed at nine points, and in fifth polynomial order [30]. The script for second deriv-
ative spectra was written on Python programming 3.7 by the authors. The spectral region 



Polymers 2022, 14, 3111 6 of 26 
 

 

above 8000 cm−1 was excluded from this analysis due to the possibility of noises, and no 
significant information can be seen in this area [31]. The important chemical contents of 
belangke bamboos, such as lignin, extractives, cellulose, and hemicellulose, were ana-
lyzed based on the specific NIR band spectra by Schwanninger et al. [32]. 

2.2.4. Physical and Mechanical Properties Tests of Bamboo 
Test samples and procedures for physical (specific gravity and shrinkage) and me-

chanical (compression and shear strength) properties were made according to the ISO 
22157-1:2019 standard [33]. 
a. Specific gravity (SG) 

Bamboo was cut into sizes of 2.5 cm × 2.5 cm and as thick as the wall thickness. 
Specific gravity of bamboo was calculated using Equation (2). 𝑆𝐺 𝑂𝐷𝑊𝑉  𝑥 1 𝜌  (2)

where ODW is oven-dry conditions (g), V is volume (cm3), and ρ is density of water at 4 
°C (1000 kg/m3) 
b. Shrinkage 

The test sample was made from a bamboo column with a height or length of 10 cm 
(Figure 3). In the shrinkage test, the parameters determined are outer diameter, inner 
diameter, and linear shrinkage. Samples were measured as initial conditions before dry-
ing (I). The sample was put into an oven with a temperature of 103 ± 2 °C and then 
measured again (F). The value of shrinkage was calculated according to the Equation (3): 𝑆ℎ𝑟𝑖𝑛𝑘𝑎𝑔𝑒 𝐼 𝐹𝐼 100% (3)

where I is the initial reading and F is the final reading. 

 
Figure 3. The sample used for the shrinkage test. 

c. Compression strength test 
The sample size of the compression test adjusts to the outer diameter of the bamboo. 

The height/length of the bamboo is the same as the outer diameter of the bamboo. For a 
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bamboo diameter of less than 2 cm, the height of the bamboo sample is twice the outer 
diameter (Figure 4). The compressive strength was calculated using the Equation (4): 𝜎 𝐹𝐴  (4)

where σult is the ultimate compressive stress, in MPa, rounded off to the nearest 0.5 MPa;  
Fult is the maximum load at which the specimen fails, N; and A is the cross-sectional area, 
mm2. 

 
Figure 4. Sample used for the compression test. 

d. Shear strength test 
The sample size for the shear strength test adjusts to the outside diameter. Tests 

were performed parallel to the fibers. The height of the bamboo is equal to the outer 
diameter (Figure 4). The shear strength of bamboo can be calculated using Equation (5): 𝜏 𝐹∑ 𝑡 𝐿  (5)

where τult is the ultimate shear strength, MPa, rounded off to the nearest 0.1 MPa; Fult is 
the maximum load at which the specimen fails, N; and ∑(t × L) is the sum of the four 
products of t (wall thickness) and L (height). 
e. Tension strength test 

The tensile strength test sample was prepared according to the ISO/TR 22157-2: 2004 
standard [34]. The test sample is shown in Figure 5. The tensile strength was calculated 
using Equation (6): 𝜎 𝐹𝐴  (6)

where σult is the ultimate tension strength, MPa; Fult is the maximum load at which the 
specimen fails, N; and A is the volume of the sample (mm3) 𝐴 𝐷 𝐷 2𝑡 . 
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Figure 5. The sample used for the tension test. 

2.2.5. Particleboard 
Material Preparation 

Kemenyan wood (Styrax sumatrana) was converted into two types of particles: 
sawdust and wood shavings. Then, the belangke bamboo (Gigantochloa pruriens) was 
converted into a barkless strand. The particle sizes are presented in Table 1. The com-
mercial adhesive used in this research was isocyanate type H3M with the specifications 
shown in Table 2. The isocyanate adhesive was produced by PT. Polychemie Asia Pacific 
(Jakarta, Indonesia). 

Table 1. The particle size of Styrax sumatrana wood and Gigantochloa pruriens. 

Particle Type Length (cm) * Width (cm) * Thickness (cm) * Mesh Slenderness Ratio 
Sawdust - - - 20 - 
Shaving 35.26 (11.44) 18.66 (5.76) 0.14 (1.08) N/A 252.02 (35.09) 

Strand 7.5 cm 7.50 (0.03) 2.51 (0.03) 0.13 (0.02) N/A 62.52 (8.25) 
Strand 25 cm 25.34 (0.19) 2.79 (0.40) 0.09 (0.25) N/A 297.69 (91.73) 

Remark: (*) the number of measurement samples is 100 units. Values in parentheses represent the 
standard deviation. 

Table 2. Properties of isocyanate adhesive used in this work. 

Properties Information 
Solids content 98% 

Viscosity 150–250 cps/23 °C 
pH 6.5–8.5 

Pot life mixture Within 60 min 
Spread volume 200~250 g/m2 
Assembly time Within 10 min 

Cold press for a low-density wood 0.69–0.98 MPa 
Cold press for a high-density wood 0.98–1.47 MPa 

Press time Cold Press 30–45 min depends on wood species, size of lamella, 
temperature, and spread volume 

Source: PT. Polychemie Asia Pasific (Jakarta, Indonesia). 

The raw materials used, i.e., wood shavings, sawdust, and belangke bamboo, were 
placed in the oven until they reached a moisture content of 8%. In this work, 
three-layered particleboard (face, core, and back, at the ratio of 2:1:2) with dimensions of 
250 mm × 250 mm, a thickness of 10 mm, and a target density of 750 kg/m3 were fabri-
cated in the laboratory. 

Particleboard Manufacturing 
The dried particles were sprayed with 7% isocyanate adhesive. Meanwhile, for the 

surface layer (face and back), belangke bamboo strands were glued together using a 
brush in one of the surface areas. The bamboo strand as the back layer was arranged first 
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into a mold measuring 250 mm × 250 mm, followed by the particles as the core layer. The 
next stage was laying the bamboo strand as a surface layer. The mattress was prepressed 
manually, then subjected to hot pressing in an automatically controlled laboratory hot 
press (custom by home industry in Bandung, Indonesia) at a temperature of 160 °C and 
pressure of 2.94 MPa for 5 min. The specifications of the laboratory hot press are pre-
sented in Table 3. 

Table 3. Specification of the hot press used. 

No Specification 
1 Height 160 cm 
2 Length 90 cm 
3 Width 50 cm 
4 Pressure plate area 35 × 35 cm2 
5 Maximum hydraulic pressure 20.59 MPa 
6 Hydraulic lifting 100 ton 
7 Maximum heating power 2 × 3000 watt 
8 Maximum temperature 250 °C 

 

Physical and Mechanical Properties of Particleboard 

After hot pressing, the laboratory-fabricated particleboard panels (Figure 6) were condi-
tioned for seven days in a conditioning room at a relative humidity of 65 ± 5% and 20 ± 2 
°C prior to properties evaluation. The cutting of the test sample and evaluation of the 
boards’ physical and mechanical properties, i.e., density, moisture content, water ab-
sorption, thickness swelling, modulus of elasticity (MOE), modulus of rupture (MOR), 
and internal bond (IB), were performed according to the standard JIS A 5908 [35]. The 
sizes of the test samples used are presented in Table 4. 
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Figure 6. The appearance of coated and uncoated particleboard with belangke bamboo strands. 

Table 4. Particleboard test sample sizes. 

Parameter Size 
Density 10 cm (length) × 10 cm (width) 

Moisture content (MC) 10 cm (length) × 10 cm (width) 
Water absorption (WA) 5 cm (length) × 5 cm (width) 
Thickness swelling (TS) 5 cm (length) × 5 cm (width) 

Modulus of elasticity (MOE) 20 cm (length) × 5 cm (width) 
Modulus of rupture (MOR) 20 cm (length) × 5 cm (width) 

Internal bond (IB) 5 cm (length) × 5 cm (width) 

2.3. Data Analysis 
The chemical components and physical–mechanical properties of bamboo were 

performed using a nonfactorial, completely randomized design. Chemical analysis was 
performed in duplicate, making a total of six-unit test samples. Meanwhile, for the 
physical and mechanical properties of bamboo, repeated testing of each test parameter 
was performed four times. The total test samples in this sub-research are twenty test 
sample units. The particleboard study used a factorial completely randomized design 
(CRD) model. The first factor is the type of particle (sawdust and shaving), and the sec-
ond factor is the length of the bamboo strand as a coating material (75 mm and 250 mm). 
The number of replications for each treatment was three units. The total test samples in 
particleboard research are eighteen test sample units. 

3. Results and Discussions 
3.1. Chemical Components of Bamboo 
3.1.1. Structural Chemical Components of Gigantochloa pruriens 
Acid Insoluble Lignin (AIL) and Acid Soluble Lignin (ASL) 

Lignin content is the total of AIL and ASL with the average value presented in Fig-
ure 7. 
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Figure 7. Lignin contents of Gigantochloa pruriens. 

The AIL and ASL values ranged from 25.25-27.56% and 2.73-4.47%, respectively. The 
total lignin (AIL + ASL) content of Gigantochloa pruriens ranged from 27.97-30.79%, with 
the average value of the lignin content in all parts of the culm being 29.79%. Lignin in 
bamboo plants consists of p-coumaryl units with guaiacyl, syringyl, and 
p-hydroxyphenyl groups, which is similar to grasses or lignin in Poaceae plants [36]. 

The study related to the chemical components of bamboo performed by Li [37] re-
ported that the lignin content of Phyllostachys pubescens ranged from 20–26%, while that of 
Bambusa vulgaris ranged from 11.6–20.3% [38]. Furthermore, Sharma et al. [39] reported 
that P. pubescens bamboo had a lignin content of around 22%. Loiwatu and Manuhuwa 
[40] reported that the lignin content of three types of bamboo, namely Dendrocalamus as-
per, Schizostachyium brachycladum, and Schizostachyium lima, was each 27, 37, 26, 18, and 
26.05%. The lignin content of the species Bambusa vulgaris Schard var. vitata, Gigantochloa 
nigrocillata, Gigantochloa apus, Gigantochloa verticillata, and Dendrocalamus asper, obtained 
from Cibinong, West Java-Indonesia, varied between 30.01–36.88% [6]. 

Meanwhile, several researchers have reported the lignin content in other bamboo 
species from the Gigantochloa genus, including Gigantochloa apus with 22–25% [41] and 
Gigantochloa brang, Gigantochloa levis, Gigantochloa Scortechinii, and Gigantochloa 
wrayi—24%, 26%, 32%, and 26%, respectively [42]. In addition, Yusoff et al. [43] reported 
that the lignin content of Gigantochloa albociliata bamboo ranged from 22–24%. Based on 
the content of several Gigantochloa species, the average value of Gigantochloa pruriens lig-
nin content is 32%, which is relatively higher compared to the other bamboo species. The 
high lignin content contributes to the high calorific value and structural rigidity, making 
it ideal for building components [5]. Statistical analysis showed that the axial position of 
the culm had no significant effect at the 95% confidence interval on the AIL (sig. 0.071) 
and ASL (sig. 0.054) values. 

Holocellulose Content 
The holocellulose content of Gigantochloa pruriens bamboo ranged from 63.56% to 

66.66% (Figure 8), with the lowest and highest content being at the top and bottom of the 
culm, respectively. The difference in each part of the culm was also reported by Li [37], 
who determined that the culm’s position affects the amount of holocellulose content. 
Gigantochloa pruriens bamboo has holocellulose content equivalent to Gigantochloa pseu-
doarundinacea [44], which is slightly lower compared to Dendrocalamus asper, Schizos-
tachyium brachycladum, Schizostachyium lima [40], and Bambusa vulgaris Var vulgaris [44]. 
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Figure 8. Holocellulose content of Gigantochloa pruriens. 

Wahab et al. [42] obtained a holocellulose content value of 79%, 84%, 74%, and 84% 
for the bamboo species Gigantochloa brang, Gigantochloa levis, Gigantochloa scortechinii, and 
Gigantochloa wrayi, respectively. Yusoff et al. [43] reported that the holocellulose value of 
Gigantochloa albociliata ranged from 53–57%, higher than Gigantochloa albociliata. Statistical 
analysis showed that the axial position of the culm has no significantly different effect on 
the 95% confidence interval for holocellulose (sig. 0.239). 

Alpha-Cellulose Content 
A graphical representation of the alpha-cellulose content of Gigantochloa pruriens is 

given in Figure 9. The values ranged from 39.70–44.40%, with the lowest and highest 
holocellulose being in the top and at the bottom of the culm, respectively. The average 
value of alpha-cellulose in all parts of the culm was 41.48%, which falls within the normal 
range of alpha-cellulose (40–55%) as reported by Li [37]. This indicated that it was 
equivalent to Schizostachyium brachycladum but relatively lower compared to Dendrocal-
amus asper and Schizostachyium lima, as reported by Loiwatu and Manuhuwa [40]. How-
ever, it was still far below Bambusa vulgaris, as reported by Nahar and Hasan [45]. 

 
Figure 9. The alpha-cellulose contents of Gigantochloa pruriens. 

Li [37] stated that the range of cellulose content of bamboo was very suitable for its 
application as a raw material for the pulp and paper industry. Meanwhile, Nugroho et al. 
[46] reported that the parallel tensile strength of the bamboo fiber is quite highly corre-
lated with the content of alpha-cellulose. Furthermore, it was stated that the mechanical 
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properties and cellulose fraction in the cell wall play a greater role compared to the total 
polysaccharide content. Cellulose which has a linear polymer structure may affect the 
mechanical properties of wood, while more amorphous hemicellulose may affect the 
hygroscopic properties of bamboo. 

Indriatie et al. [41] reported that Gigantochloa apus has an alpha-cellulose content of 
69–72%, while Wahab et al. [42] reported that the α-cellulose content of Gigantochloa 
brang, Gigantochloa levis, Gigantochloa scortechinii, and Gigantochloa wrayi were 51, 33, 46, 
and 37%, respectively. Yusoff et al. [43] reported that the alpha-cellulose content of 
Gigantochloa albociliata ranged from 42–43%, which was relatively lower compared to 
Gigantochloa apus, Gigantochloa brang, and Gigantochloa scortechinii. The axial position of 
the culm had a significant effect on the 95% confidence interval for alpha-cellulose (sig. 
0.005). 

3.1.2. Nonstructural Chemical Components of Gigantochloa pruriens Bamboo 
Extractive Solubility in Ethanol Benzene (1:2) 

Extractives are nonpolymer organic materials soluble in nonpolar neutral organic 
solvents, such as alcohol-benzene, including hydrophobic oils, waxes, and resins [47]. 
The average value of the extractive solubility in benzene ethanol (1:2) of Gigantochloa 
pruriens bamboo is presented in Figure 10, ranging from 2.18-4.01%. The lowest and 
highest values were determined in the middle and at the bottom of the culm, respec-
tively. This value is similar to that stated by Tolessa et al. [48], who state that the extrac-
tive content of Oxytenanthera abyssinica bamboo ranges from 3–5% 

 
Figure 10. Extractive solubility in ethanol benzene (1:2) of Gigantochloa pruriens. 

The low extractive content is favorable for use in the pulp and paper industry [49]. 
The determined extractive content of Gigantochloa pruriens bamboo was relatively lower 
compared to Gigantochloa apus [41], Gigantochloa brang, Gigantochloa levis, Gigantochloa 
scortechinii, and Gigantochloa wrayi [42]. However, it was slightly higher compared to Gi-
gantochloa albociliata bamboo [43]. 

The extractive content of Gigantochloa pruriens bamboo was different in each part of 
the culm. The extractive content of ethanol–benzene was less than 3–5%, contributing to 
several properties, such as color, odor, decay resistance, density, and flammability [48]. 
Extractive substances are a determining factor in the shrinkage properties of wood 
through physical and chemical mechanisms. These extractive substances play a vital role 
in wood stability as a bulking agent. Furthermore, they play a chemical role through the 
hydrophobic nature of the compounds contained in extractive substances. It is generally 
nontoxic, therefore enabling the preservation of all bamboo species before use because of 
their susceptibility to be attacked by powdery mildew, fungi, and termites compared to 
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wood [40]. The higher alcohol–toluene extractive content in bamboo may be useful as an 
anti-rot agent and provides good strength due to its higher specific gravity. Generally, 
the higher solubility of tannins, gums, sugars, starches, and dyes indicates easier access 
and penetration of chemicals into cell walls [48]. Statistical analysis showed that the axial 
position of the culm has a significantly different effect on the 95% confidence interval on 
the solubility of the extractive in benzene–ethanol (sig. 0.055). 

Ash Contents 
The average value of the ash content of Gigantochloa pruriens bamboo ranged from 

1.36 to 2.57%, with an increase in ash content from the position of the bottom of the culm 
to the top, as seen in Figure 11. Ashes may be identified due to unburned compounds 
containing calcium, potassium, magnesium, manganese, and silicon. 

 
Figure 11. Ashes content based on Gigantochloa pruriens. 

The average value of ash content in all culms was 2 %, while the ash content of Gi-
gantochloa brang, Gigantochloa levis, Gigantochloa scortechinii, and Gigantochloa wrayi are 1.2; 
1.3; 2.8; and 0.8% [42], respectively. Yusoff et al. [43] reported that the ash content of Gi-
gantochloa albociliata ranged from 1.5–1.8%. Meanwhile, that of bangkele bamboo is 
equivalent to Gigantochloa apus (2.45%) and Gigantochloa levis (2.45%) but lower compared 
to that of Gigantochloa atroviolacea (3.29%) [50]. However, it is relatively higher than Gi-
gantochloa brang, Gigantochloa levis, Gigantochloa scortechinii, and Gigantochloa albociliata. 
The axial position of the culm had a significantly different effect on the 95% confidence 
interval on the ash content of Gigantochloa pruriens bamboo (sig. 0.013). 

3.2. Degree of Crystallinity 
The crystallinity of woody plants is the crucial factor for responding to the proper-

ties of tree growth, anatomical structure, and chemical characteristics. Furthermore, it 
also has a great effect on Young’s modulus, dimensional stability, density, and wood 
hardness [51]. The degree of crystallinity of Gigantochloa pruriens bamboo is based on 
axial position and was calculated based on the relative amounts of crystalline and 
amorphous parts in the bamboo (Table 5). The X-ray diffractogram of bamboo in the top, 
middle, and bottom had a similar pattern as shown in Figure 12, with the highest peak in 
the middle position as the present Cellulose I structure with a monoclinic crystal struc-
ture. This structure is commonly found in plants, including bamboo. Although the al-
pha-cellulose content of bamboo in the middle position was the lowest, the degree of 
crystallinity in the middle position was the highest. It can be influenced by the difference 
in chemical composition in each axial position. There is no direct correlation between the 
cellulose content of hemicellulose and the lignin content of bamboo with the degree of 
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crystallinity. A similar report was also found to have no significant variation in crystal-
linity in the longitudinal direction within each internode of bamboo. Further observation 
is needed to ensure the reason for the relationship between bamboo growth and lignifi-
cation and chemical composition [52]. Lignin and hemicellulose can be included in the 
amorphous part (2θ of 15–22°), while the crystalline part is derived from cellulose with 2θ 
of around 22° [51,53,54]. Compared to a previous report on betung bamboo [55], which 
found that the degree of crystallinity was 30.43%, the degree of crystallinity in the bottom 
was higher than the value. This degree of crystallinity is lower than that of acacia and 
pine wood by as much as 44.10% and 35.73%, respectively [56]. The variation in the de-
gree of crystallinity based on the axial position in Gigantochloa pruriens bamboo had a 
similar tendency to the variation in chemical composition in the axial position of raru 
wood [57]. In addition to affecting the chemical properties, the degree of crystallinity also 
affects the mechanical properties in this study. The high degree of crystallinity in the 
middle of the bamboo belangke culm is shown to cause the tensile strength value to be 
higher than the other culm positions. Barrios et al. [58] and Takeuchi et al. [59] state that 
the degree of crystallinity positively correlates with dimensional stability and tensile 
strength. Furthermore, Li et al. [60] also reported that a high degree of crystallinity in the 
outer wood of Pinus radiata caused an increase in the value of MOR, MOE, and compres-
sion parallel to the fiber. 

Table 5. Degree of crystallinity of Gigantochloa pruriens bamboo based on the axial position. 

Sample Fc (kcps.deg) Fa (kcps.deg) Xc% 
Bottom 22.8276 46.5733 32.89 
Middle 41.598 68.0017 37.95 

Top 26.567 62.6533 29.78 

 
Figure 12. X-ray diffractograms of Gigantochloa pruriens bamboo based on axial position. 

3.3. Near-Infrared Analysis 
A graphical representation of the original (A) and second derivative spectra (B) of 

belangke bamboo in the axial direction is given in Figure 13. At first glance, the original 
spectra of belangke bamboo in the axial direction (Figure 13A) were almost similar, thus 
the important bands associated with major chemical components of bamboo were not 
well resolved. These spectra have only visualized the discrepancies in baseline level [61], 
where the top part of the bamboo was slightly higher than other regions. Via et al. [62] 
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reported that density was one of the factors that affected the absorbance of NIR spectra. 
The higher density corresponded to a higher absorbance level. Typically, the bamboo’s 
top is higher than its other portions [56]. 

 
(A) (B) 

Figure 13. The original spectra of NIR at the wavenumber 10,000–4000 cm−1 (A); second derivative 
spectra at the wavenumber 8000–4000 cm−1 (B). 

On the contrary, second derivative spectra (Figure 13B) visualized more different 
bands than the original ones [63]. In addition, these spectra revealed some important 
bands of the chemical components [28], thus analyzing the chemical contents, such as 
lignin, cellulose, holocellulose, and extractives, which were based on these spectra. The 
second derivative spectra were divided into four regions based on the characteristics of 
the chemical functional groups: the first region 10,000–7300 cm−1 were second or third 
overtones, but there was less information on wood components; the second region 7300–
6050 cm−1 were OH overtone vibrations; the third range 6050–5500 cm−1 were CH vibra-
tions and the vibrations from aromatic structure; and the fourth region 5500–4000 cm−1 
were several combinations of vibrations and coupling vibrations [28,32]. Although the 
NIR second derivative spectra of belangke bamboo were almost identical, some peak re-
gions had different characteristics in the axial direction of the stem. 

Therefore, this study analyzed the peak characteristics of the NIR spectra of bel-
angke bamboo, which are assigned to the main chemical components, such as cellulose, 
holocellulose, lignin, and extractives, through enlarging the band regions on the second 
derivative spectra (Figure 14). These bands were mainly located in the third range for 
lignin and the fourth range for cellulose. According to the NIR second derivative spectra, 
the band assigned to holocellulose, such as 4404 cm−1 (cellulose and hemicellulose), was 
identical. This result corresponded to the wet chemical analysis for holocellulose in terms 
that the values were not significantly different based on the axial direction. Markedly, 
bands 4283 cm−1 assigned to cellulose, hemicellulose, and xylan seem slightly different 
with the bottom part having the lowest peak. In the band at 4808 cm−1 at the 
semi-crystalline and crystalline regions as well as 4739 cm−1 (cellulose) at the cellulose 
group region, the middle part had the lowest value. It was assumed that this region had a 
higher degree of crystallinity, as demonstrated by the positive correlation with the results 
of the XRD analysis. The extractive content with the bands at 4686 cm−1 showed that the 
bottom part was supposed to have high extractive content while the band at 5980 cm−1 
showed that the middle part tended to have more lignin content than another part. 
However, the wet chemical analysis revealed that there were nonsignificant values of 
lignin content at the different high levels of the bamboo stem. 
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Figure 14. Enlarged bands at specific regions of second derivative spectra: (1) bands 7000 cm−1 as-
signed to an amorphous region of cellulose; (2) bands 5980 cm−1 assigned to aromatic skeletal due to 
lignin; (3) bands 5800 cm−1 assigned to furanose or pyranose due to hemicellulose; (4) bands 4890–
4,620 cm−1 assigned to cellulose region; (5) bands 4686 cm−1 assigned to lignin or extractives; (6) 
bands 4404 cm−1 assigned cellulose and hemicellulose; and (7) bands 4283 cm−1 assigned to cellu-
lose, hemicellulose, and xylan. 

3.4. Physical and Mechanical Properties of Bamboo 
3.4.1. Physical Properties of Bamboo 

A summary of the physical properties of belangke bamboo is presented in Table 6. 

Table 6. Physical properties of Gigantochloa pruriens. 

Physical Properties Bottom Middle Top 
Specific gravity 0.60 (0.08) 0.58 (0.03) 0.60 (0.03) 

Outer Diameter Shrinkage (%) 2.33 (0.45) 1.29 (0.45) 2.33 (0.10) 
Inner Diameter Shrinkage (%) 1.94 (0.62) 0.94 (0.62) 3.67 (0.14) 

Linear Shrinkage (%) 0.13 (0.07) 0.2 (0.04) 0.21 (0.09) 
Values in parentheses are standard deviation. 

Specific Gravity (SG) 
The SG value of belangke bamboo ranged from 0.58 to 0.60. The bottom had a higher 

SG value than the middle, which was confirmed by its chemical components where this 
bamboo had a higher alpha-cellulose content value at the bottom. High SG indicates a 
higher proportion of cell walls and cellulose content, which will affect the mechanical 
properties, especially the MOR value, as stated by Baharoǧlu et al. [64]. The SG value of 
belangke bamboo was equivalent to that of apus bamboo (Gigantochloa apus), as reported 
by Abdullah et al. [65]. Analysis of variance on the SG value showed that the axial posi-
tion of the bamboo culm was not significantly different at the 95% confidence level (sig. 
0.696). 

Shrinkage 
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The inner diameter, outer diameter, and linear shrinkage ranged from 0.94–3.67%, 
1.29–3.17%, and 0.13–0.21%, respectively. The shrinkage of the outer diameter was 
greater than the inner diameter due to the denser vascular bundle diameter on the out-
side of the bamboo [14]. The effect of density is evident in this shrinkage parameter. The 
greater the density, the greater the shrinkage value of the bamboo. Furthermore, the lin-
ear shrinkage tends to increase from the bottom to the top of the bamboo stem. Darwis et 
al. [14] reported that the percentage of belangke bamboo vascular bundles at the bottom 
of the culm was lower than at the middle and top. The high proportion of vascular bun-
dles impacts the amount of bamboo shrinkage. Analysis of variance on the inner and 
outer shrinkage values showed that the axial position of the bamboo culm was not sig-
nificantly different at the 95% confidence level. At the same time, linear shrinkage was 
not significantly different. 

3.4.2. Mechanical Properties of Bamboo 
A summary of the results obtained for the mechanical properties of belangke bam-

boo is presented in Table 7. 

Table 7. Mechanical properties of Gigantochloa pruriens. 

Mechanical Properties Bottom Middle Top 
Compression Strength (MPa) 45.44 (0.66) 42.15 (6.63) 38.96 (8.84) 

Tensile Strength (MPa) 116.77 (20.90) 278.74 (15.20) 95.88 (5.46) 
Shear Strength (MPa) 7.39 (0.61) 7.69 (1.59) 7.79 (0.94) 

Values in parentheses are standard deviation. 

Compression Strength 
The compressive strength values ranged from 38.96–45.44 MPa. The highest value 

was determined at the bottom of the bamboo culm, and the lowest value was obtained at 
the top. The compressive strength value of belangke bamboo decreased from the bottom 
to the top. Darwis et al. [14] reported that the number of vascular bundles in belangke 
bamboo at the position of the bottom of the stem was the lowest. Chowdhury et al. [66] 
stated that the fiber’s compression value was negatively correlated with fiber diameter 
and vessel cells but positively correlated with vessel wall thickness. Analysis of variance 
on compression strength value showed that the axial position of the bamboo culm was 
not significantly different at the 95% confidence level (sig. 0.396). 

Tensile Strength 
The tensile strength values ranged from 95.88 to 278.74 MPa, the highest value was 

in the middle of the bamboo culm, and the lowest was at the top. According to Epsiloy 
[67], fiber length affects the mechanical properties of bamboo. Darwis et al. [14] reported 
that the middle part of the belangke bamboo culm has longer fibers than the bottom and 
ends of the bamboo, so it has the highest tensile strength value. In addition to differences 
in anatomical structure, the chemical components that comprise bamboo can also cause 
these differences. Lignin and alpha-cellulose significantly affect the tensile strength of 
bamboo. Lignin contributes to the stiffness properties, while cellulose has a linear poly-
mer structure with a high crystalline fraction. The results showed that the center of the 
bamboo culm had the highest crystallinity value. Analysis of variance on the tensile 
strength value showed that the axial position of the bamboo culm was significantly dif-
ferent at the 95% confidence level (sig. 0.000). 

Shear Strength 
The value of shear strength ranged from 7.39 to 7.79 MPa; the highest value for shear 

strength was at the top of the bamboo culm, and the lowest was at the bottom. It was at-
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tributed to the presence of belangke bamboo parenchyma. The proportion of vascular 
bundles and parenchyma as the matrix affects the shear strength of bamboo. When the 
number of proportions of the matrix gets bigger, the tendency to decrease the shear 
strength gets bigger. Darwis et al. [14] reported that the bottom of the belangke bamboo 
culm has the largest parenchyma. The cause of the low shear strength at the bottom is 
also due to the low lignin content. Longui et al. [68] stated that lignin is proven to be able 
to increase the stiffness properties of the secondary walls and cohesion between wood 
tissues and has a strong effect on the mechanical properties of wood, especially in the 
transverse direction. Analysis of variance on the shear strength value showed that the 
axial position of the bamboo culm was not significantly different at the 95% confidence 
level (sig. 0.874). 

3.5. Physical and Mechanical Properties of Particleboard 
A summary of the physical and mechanical properties of the laboratory-fabricated 

three-layered particleboards, manufactured with belangke bamboo as a reinforcing ma-
terial, is given in Table 8. 

Table 8. Physical and mechanical properties value of particleboard produced in this work. Parti-
cleboard made with 100% wood sawdust were denoted as A0 while those reinforced with 75 mm 
and 250 mm bamboo strands were denoted as A1 and A2, respectively. Meanwhile, particleboard 
made with 100% wood shavings were denoted as B0 while those reinforced with 75 mm and 250 
mm bamboo strand were denoted as B1 and B2. 

Parameter 
20 Mesh Sawdust Wood Shaving 

Control (A0) Strand 7.5 (A1) Strand 25 (A2) Control (B0) Strand 7.5 (B1) Strand 25 (B2) 
Density (kg/m3) 690 (30) 640 (30) 680 (40) 670 (10) 670 (30) 620 (10) 

MC (%) 7.96 (0.25) 7.10 (0.18) 6.89 (0.37) 7.10 (0.46) 6.66 (0.17) 6.56 (0.30) 
WA (%) 47.70 (5.99) 45.94 (8.83) 68.41 (6.73) 21.72 (5.39) 31.46 (6.72) 46.12 (3.60) 
TS (%) 4.38 (0.77) 6.50 (1.56) 7.37 (1.38) 5.29 (0.86) 7.01 (1.05) 9.57 (2.42) 

MOE (GPa) 0.32 (0.12) 5.28 (1.08) 3.34 (0.45) 2.41 (0.19) 13.63 (0.47) 6.91 (0.27) 
MOR (MPa) 6.39 (1.99) 22.38 (2.40) 11.38 (3.88) 28.52 (0.38) 43.17 (0.89) 48.37 (8.19) 

IB (MPa) 0.39 (0.09) 0.19 (0.04) 0.29 (0.08) 0.29 (0.04) 0.15 (0.04) 0.18 (0.01) 
Values in parentheses are standard deviation. 

3.5.1. Density 
As seen from the results in Table 8, the average values of particleboard density 

ranged from 620–690 kg/m3. The lowest value was found on the B2 type board, while the 
highest value was obtained for the A0 type board. The density of the laborato-
ry-produced boards was below the targeted value of 750 kg/m3. This might be attributed 
to: (1) the loss in particles during the mat-forming and compression processes following 
the statement of Bufalino et al. [69] that the low value of particleboard density is due to 
the presence of some particles that are wasted during the manufacturing process; (2) 
spring back, in which the average spring back value in this study was almost 30%, 
meaning that the board after conditioning experienced a thickness swelling of nearly 1/3 
of the target thickness of 1 cm. Several other factors that affect the density value of parti-
cleboard include the density of wood, compression pressure, and the amount of adhesive 
used [70]. Bowyer et al. [71] stated that the density value is highly dependent on the 
wood density and compression pressure. 

Analysis of variance on the density value showed that the interactions between 
particle types and strand length are not significantly different at the 95% confidence level 
(sig. 0.070). Overall, the density value of this particleboard has met the JIS A 5908-2003 
standard, which requires the board density value to be between 400–900 kg/m3. 

3.5.2. Moisture Content (MC) 



Polymers 2022, 14, 3111 20 of 26 
 

 

According to Table 7, the moisture content values of the particleboard ranged from 
6.56–7.96%. The lowest value was found for the B2 type board, while the highest value 
was determined for the A0 type board. Particleboard with sawdust core layer had a 
higher moisture content than the wood shavings core layer. Farrokhpayam et al. [72] 
reported that the fine particle size would absorb water vapor more significantly than the 
coarse particle size. Using bamboo strand as a coating on the board’s surface tends to 
reduce the board’s MC. Analysis of variance on the MC value showed that the interac-
tions between particle types and strand length are not significantly different at the 95% 
confidence level (sig. 0.107). Overall, the MC of this particleboard met the JIS A 5908-2003 
standard requirements, i.e., MC values between 5–13%. 

3.5.3. Water Absorption (WA) 
The WA value of the board ranges from 21.72–68.41%. The lowest value was found 

for the B0 type board, while the highest one was determined for the A2 type board. A 
similar trend with the MC parameter also occurs in the WA parameter. A board with a 
smaller particle size results in a relatively higher WA value than a board with larger 
particles. Sawdust has a greater high-surface area per unit weight compared to that of 
wood shaving; therefore, it tends to absorb more water [19]. In this study, using bamboo 
strands as a surface layer resulted in increased WA value compared to the uncoated 
boards—density is a factor that affects the board’s WA value. A higher board density 
causes a lower board WA value. Bufalino et al. [69] stated that the density value and 
adhesive content affect water absorption. Meanwhile, Vital et al. [73] noted that the board 
density value is the opposite of the WA value. Analysis of variance on the WA value 
showed that the interactions between particle types and strand length are significantly 
different at the 95% confidence level (sig. 0.000). 

3.5.4. Thickness Swelling (TS) 
Thickness swelling values ranged from 4.38–9.57%. The lowest value was deter-

mined for the A0 type board, while the highest value was obtained for the B2 type board. 
Using bamboo strands as a surface layer increases the board’s TS value. It is related to the 
density of the panels produced in this study. Strand-coated boards on the surface tend to 
have lower density values. The board with belangke bamboo strands on the surface ex-
hibited a spring back of 60% higher than the control. Iswanto et al. [74] reported the effect 
of relatively high spring back as an indicator of the cause of the high TS value of the 
sorghum stem particleboard coated with rope bamboo strand (Gigantochloa apus). The 
high spring back of the board is thought to be due to the weak bond between sawdust or 
wood shavings and bamboo. The inhomogeneity of these two types of particles is a weak 
point, resulting in the board’s high spring back value being coated with bamboo strands 
on the surface. 

Overall, boards with a core layer of sawdust had a lower TS value than wood 
shavings. Farrokhpayam et al. [72] reported that the finer particle size resulted in a lower 
TS value of the board than the coarser or larger particle size. Analysis of variance on the 
TS showed that the interaction between particle types and strand length are not signifi-
cantly different at a 95% confidence interval for the resulting particleboard thickness 
swelling value (sig. 0.531). Markedly, the particleboard panels fabricated in this work met 
the JIS A 5908-2003 standard requirements of a maximum thickness swelling of 12%. 

3.5.5. Modulus of Elasticity (MOE) and Modulus of Rupture (MOR) 
The average MOE value of the laboratory-fabricated particleboards ranged from 

0.32–13.63 GPa, and the MOR value ranged from 6.39–48.37 MPa. The lowest MOE value 
of 0.3 GPa was determined for the A0 board, while the highest value of 13.6 GPa was 
obtained for the B1 board. Regarding the MOR, the lowest value of 6.4 MPa was deter-
mined for the A0 particleboard, and the highest value of 48.4 MPa was obtained for the 
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B2 board. The appearance of damage in the test specimen in bending tests is presented in 
Figure 15. 

Overall, using belangke bamboo strands as a surface layer resulted in higher MOE 
and MOR values compared to uncoated boards. The use of belangke bamboo as a coating 
can increase the MOE and MOR values by 16 and 3 times, respectively (Figure 16). This is 
due to the good density and flexural strength of bamboo. Rofii et al. [75] stated that 
high-density materials in the surface layer obtained better curvature than materials with 
low specific gravity. Iswanto et al. [9] reported that using the belangke bamboo strand as 
a surface layer on particleboard resulted in higher MOE and MOR values than Tali (Gi-
gantochloa apus) bamboo strand because the specific gravity of belangke bamboo was 
higher than that of Gigantochloa apus. According to Iswanto et al. [74], boards coated with 
bamboo strands have higher flexural strength than boards coated with thin plywood. 
Using bamboo as a coating material on the surface layer has a positive effect on increas-
ing mechanical properties, especially flexural strength and fracture strength, as reported 
by Iswanto et al. [9,74]. 

Overall, the use of larger particles, in this case, shavings, showed higher MOE and 
MOR values when compared to powders [76–79]. This condition is in line with the re-
search conducted by Farrokhpayam et al. [72], who reported that fine-sized particles 
have lower MOE and MOR values than medium- and coarse-sized particles. Wood 
shavings have a high slenderness ratio value when compared to powder. Badejo [80] and 
Rokiah et al. [81] stated that strands or particles that are longer and thinner would pro-
duce higher MOR values compared to short and thick sizes. 

Analysis of variance on the MOE and MOR values showed that the interaction be-
tween particle type and strand length are significantly different at a 95% confidence level 
(sig. 0.000). Overall, the MOE and MOR values of the particleboard met the JIS A 
5908-2003 standard requirements of a minimum of 2.05 GPa and 7.85 MPa, respectively. 

 
Figure 15. The appearance of damage in samples in MOE and MOR testing: nonstrand-coated 
board (A), and strand-coated board (B). 
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Figure 16. Modulus of rupture (MOR) and modulus of elasticity (MOE) of particleboard fabricated 
in this work. 

3.5.6. Internal Bond (IB) 
The IB values of the boards ranged from 0.15–0.39 MPa. The lowest value was found 

for the B1 type board, while the highest value was obtained for the A0 type board. The 
laboratory boards with surfaces coated with bamboo strands exhibited lower IB values. 
This was attributed to the weak particle bonds between the surface layer and the core 
layer due to the use of two different types of particles. 

Overall, the core layer’s finer particle size (powder) resulted in higher IB values than 
the shavings particles. Cosereanu et al. [82] stated that fine particles with a flat surface 
and diffuse appearance could achieve better bond contact so that the structure obtained 
was more compact and homogeneous. Meanwhile, coarse particles with localized con-
cave geometry produce adhesive agglomeration and reduce compactness, thereby re-
ducing internal bonding strength. 

The density of the boards also affects the IB values. In this study, the core layer in the 
form of sawdust resulted in a higher board density than the type of shavings particles. 
Wong et al. [83] stated a linear relationship between the board density and IB value. 
Warmbier et al. [84] reported that IB and screw holding strength increased with increas-
ing board density values. 

Analysis of variance on the IB value showed that the interaction between particle 
type and strand length are significantly different at a 95% confidence level (sig. 0.027). 
Overall, the resulting IB value met the JIS A 5908-2003 standard, which requires a min-
imum value of 0.15 MPa. 

4. Conclusions 
From this study, it was observed that the lignin content of Gigantochloa pruriens 

bamboo includes AIL and ASL, with the former having the lowest and highest values at 
the bottom and top of the culm, respectively (25.25–27.56%). Meanwhile, ASL had the 
lowest and highest values at the bottom and middle of the culm (2.73–4.47%), respec-
tively, with the lowest holocellulose content being at the top of the culm and the highest 
at the bottom (63.56–66.66%). Furthermore, it has the lowest alpha-cellulose in the top 
and the highest at the bottom (39.70–44.40%). The lowest extractive solubility in ethanol–
benzene (1:2) was at the middle culm position and the highest at the bottom (2.18–4.01%). 
Meanwhile, the lowest ash content was determined in the bottom of the culm and the 
highest at the top, respectively (1.36–2.57%). The crystallinity degree of Gigantochloa pru-
riens bamboo in the axial position varied between 29.78–37.95%. In this work, the degree 
of crystallinity also influences mechanical and chemical properties of bamboo.  
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The physical properties of bamboo, including density, inner and outer diameter 
shrinkage, and linear shrinkage, were 0.59, 2.18%, 2.26%, and 0.18%, respectively. 
Meanwhile, bamboo’s mechanical properties, including compressive strength, shear 
strength, and tensile strength, were 42.19 MPa, 7.63 MPa, and 163.8 MPa, respectively. 
Based on its density, belangke bamboo was assigned to strength class III. 

The study demonstrated the potential of using belangke bamboo strands as a surface 
coating material in particleboard manufacturing. Despite having higher WA and TS 
values compared to the uncoated counterparts, particleboard panels reinforced with 
belangke bamboo strands demonstrated satisfactory mechanical strength. Markedly, the 
addition of belangke bamboo strands as a reinforcing material in particleboards signifi-
cantly improved the mechanical properties of the boards, resulting in increased MOE and 
MOR values of particleboards by 16 and 3 times, respectively. 

Author Contributions: Conceptualization, A.H.I. and W.F.; methodology, E.W.M., A.H.I., W.F., 
N.S.H. and D.S; software, A.H.I., W.F. and D.S.A.; validation, W.F. and A.H.I.; formal analysis, 
A.H.I. and W.F; investigation, A.H.I. and W.F.; resources, A.H.I.; data curation, A.H.I. and W.F.; 
writing—original draft preparation, W.F., A.H.I., M.A.R.L., E.W.M., N.S.H., E.R.Z., A.D., W.H., 
A.S., D.S.A., T.S., P.A., V.S. and L.S.H.; writing—review and editing, A.H.I., W.F., P.A., and L.S.H.; 
visualization, W.F. and A.H.I.; supervision, A.H.I.; project administration, A.H.I.; funding acquisi-
tion, P.A. and A.H.I. All authors have read and agreed to the published version of the manuscript. 

Funding: This research was funded by Deputy of Strengthening Research and Development, 
Ministry of Research and Technology/National Research and Innovation Agency for funding this 
study for the Penelitian Dasar Unggulan Perguruan Tinggi Scheme for the FY 2021 (Number: 
12/E1/KP.PTNBH/2021, 8 March 2021). 

Institutional Review Board Statement: Not applicable. 

Informed Consent Statement: Not applicable. 

Data Availability Statement: The data presented in this study are available on request from the 
corresponding author. 

Acknowledgments: The authors express gratitude to the Deputy of Strengthening Research and 
Development, Ministry of Research and Technology/National Research and Innovation Agency for 
funding this study for the Penelitian Dasar Unggulan Perguruan Tinggi Scheme for the FY 2021 
(Number: 12/E1/KP.PTNBH/2021, 8 March 2021). Furthermore, the facilities and technical support 
from the Advanced Characterization Laboratories Cibinong—Integrated Laboratory of Bioproduct, 
Indonesian Institute of Sciences, through the E-Services of the Indonesian Institute of Sciences. This 
research was also supported by project No. HИC-Б-1145/04.2021 “Development, Properties, and 
Application of Eco-Friendly Wood-Based Composites” performed at the University of Forestry, 
Sofia, Bulgaria. 

Conflicts of Interest: The authors declare no conflict of interest. 

References 
1. Tripathi, S.; Prakash Mishra, O.; Bhardwaj, N.; Varadhan, R. Pulp and papermaking properties of bamboo species Melocanna 

baccifera. Cellul. Chem. Technol. 2018, 52, 81–88. 
2. Buziquia, S.T.; Lopes, P.V.F.; Almeida, A.K.; de Almeida, I.K. Impacts of bamboo spreading: A review. Biodivers. Conserv. 2019, 

28, 3695–3711. https://doi.org/10.1007/s10531-019-01875-9. 
3. Sanchez-Echeverri, L.; Aita, G.; Robert, D.; Rodriguez-Garcia, M. Correlation between chemical compounds and mechanical 

response in culms of two different ages of Guadua angustifolia Kunth. Madera Y Bosques 2014, 20, 87–94. 
https://doi.org/10.21829/myb.2014.202166. 

4. Shangguan, W.; Gong, Y.; Zhao, R.; Ren, H. Effects of heat treatment on the properties of bamboo scrimber. J. Wood Sci. 2016, 62, 
383–391. https://doi.org/10.1007/s10086-016-1574-3. 

5. Scurlock, J.M.O.; Dayton, D.; Hames, B. Bamboo: An Overlooked Biomass Resource? Biomass Bioenergy 2000, 19, 229–244. 
https://doi.org/10.1016/S0961-9534(00)00038-6. 

6. Fatriasari, W.; Hermiati, E. Analissi morfologi serat dan sifat fisis-kimia pada enam jenis bambu sebagai bahan pulp dan kertas 
2008, 1, 67–72. 



Polymers 2022, 14, 3111 24 of 26 
 

 

7. Febrianto, F.; Jang, J.; Lee, S.-H.; Santosa, I.; Hidayat, W.; Kwon, J.H.; Kim, N. Effect of Bamboo Species and Resin Content on 
Properties of Oriented Strand Board Prepared from Steam-treated Bamboo Strands. BioResources 2015, 10, 2642–2655. 
https://doi.org/10.15376/biores.10.2.2642-2655. 

8. Park, S.H.; Jang, J.-H.; Wistara, N.; Hidayat, W.; Lee, M.; Febrianto, F. Anatomical and physical properties of Indonesian 
bamboos carbonized at different temperatures. J. Korean Wood Sci. Technol. 2018, 46, 656–669. 
https://doi.org/10.5658/WOOD.2018.46.6.656. 

9. Iswanto, A.; Susilowati, A.; Putra, R.; Nopriandi, D.; Windra, E. Natural durability of raru wood (Cotylelobium melanoxylon) 
against subterranean termite attack. J. Phys. Conf. Ser. 2020, 1542, 012051. https://doi.org/10.1088/1742-6596/1542/1/012051. 

10. Febrianto, F.; Sahroni; Hidayat, W.; Bakar, E.; Kwon, G.; Kwon, J.H.; Hong, S.-I.; Kim, N. Properties of oriented strand board 
made from Betung bamboo (Dendrocalamus asper (Schultes.f) Backer ex Heyne). Wood Sci. Technol. 2010, 46, 53–62. 
https://doi.org/10.1007/s00226-010-0385-8. 

11. Chaowana, K.; Wisadsatorn, S.; Chaowana, P. Bamboo as a Sustainable Building Material—Culm Characteristics and 
Properties. Sustainability 2021, 13, 7376. https://doi.org/10.3390/su13137376. 

12. Engler, B.; Schoenherr, S.; Zhong, Z.; Becker, G. Suitability of Bamboo as an Energy Resource: Analysis of Bamboo Combustion 
Values Dependent on the Culm’s Age. Int. J. For. Eng. 2012, 23, 114–121. https://doi.org/10.1080/14942119.2012.10739967. 

13. Dewi, O. Overview of Bamboo Preservation Methods for Construction Use in Hot Humid Climate. 2020, 4, 1–10. 
https://doi.org/10.24853/ijbesr.4.1.1-10. 

14. Darwis, A.; Apri Heri, I.; Jeon, W.-S.; Kim, N.; Wirjosentono, B.; Susilowati, A.; Rudi, H. Variation of quantitative anatomical 
characteristics in the culm of belangke bamboo (Gigantochloa pruriens). BioResources 2020, 15, 6617–6626. 
https://doi.org/10.15376/biores.15.3.6617-6626. 

15. Sun, Y.; Yahui, Z.; Huang, Y.; Wei, X.; Yu, W. Influence of Board Density on the Physical and Mechanical Properties of Bamboo 
Oriented Strand Lumber. Forests 2020, 11, 567. https://doi.org/10.3390/f11050567. 

16. Chen, G.; Wu, J.; Jiang, H.; Zhou, T.; Li, X.; Yu, Y. Evaluation of OSB webbed laminated bamboo lumber box-shaped joists with 
a circular web hole. J. Build. Eng. 2020, 29, 101129. https://doi.org/10.1016/j.jobe.2019.101129. 

17. Iswanto, A.H.; Ompusunggu, P.L. Sandwich Particleboard (SPb): Effect of particle length on the quality of board. IOP Conf. Ser. 
Earth Environ. Sci. 2019, 374, 012002. https://doi.org/10.1088/1755-1315/374/1/012002. 

18. Lee, S.H.; Chin, K.L.; Lum, W.; Ashaari, Z.; Bakar, E.; Nurliyana, M.; Chai, E.; H’ng, P. Mechanical and physical properties of oil 
palm trunk core particleboard bonded with different UF resins. J. Oil Palm Res. 2014, 26, 163–169. 

19. Lee, S.H.; Lum, W.C.; Zaidon, A.; Maminski, M. Microstructural, mechanical and physical properties of post heat-treated 
melamine-fortified urea formaldehyde-bonded particleboard. Eur. J. Wood Wood Prod. 2015, 73, 607–616. 
https://doi.org/10.1007/s00107-015-0924-y. 

20. De Almeida, A.C.; De Araujo, V.A.; Morales, E.A.M.; Gava, M.; Munis, R.A.; Garcia, J.N.; Barbosa, J.C. Wood-bamboo 
particleboard: Mechanical properties. BioResources 2017, 12, 7784–7792. 

21. Sutiawan, J.; Hadi Y.S.; Nawawi, D.S.; Abdillah, I.B.; Zulfiana, D.; Lubis, M.A.R.; Nugroho, S.; Astuti, D.; Zhao, Z.; Handayani, 
M.; Lisak, G.; Kusumah, S.S.; Hermawan, D. The properties of particleboard composites made from three sorghum (Sorghum 
bicolor) accessions using maleic acid adhesive. Chemosphere 2022, 290, 133163, 
https://doi.org/10.1016/j.chemosphere.2021.133163. 

22. Zaia, U.; Barbosa, J.; Morales, E.; Rocco Lahr, F.; Nascimento, M.; De Araujo, V. Production of Particleboards with Bamboo 
(Dendrocalamus giganteus) Reinforcement. Bioresources 2015, 10, 1424–1433. https://doi.org/10.15376/biores.10.1.1424-1433. 

23. Technical Association of the Pulp and Paper Industry (TAPPI). In T 257 cm-02 Sampling and Preparing Wood for Analysis; 
Technical Association of the Pulp and Paper Industry (TAPPI): Peachtree Corners, GA, USA, 2002. 

24. Technical Association of the Pulp and Paper Industry (TAPPI). In T 264 cm-97 Preparation of Wood for Chemical Analysis; 
Technical Association of the Pulp and Paper Industry (TAPPI): Peachtree Corners, GA, USA, 1997. 

25. Sluiter, A.; Hames, B.; Ruiz, R.; Scarlata, C.; Sluiter, J.; Templeton, D.; Crocker, D.L.A.P. Determination of structural 
carbohydrates and lignin in biomass. Lab. Anal. Proced. 2008, 1617, 1–16. 

26. TAPPI. Technical Association of the Pulp and Paper Industry (TAPPI). T 211 om-02. In Ash in Wood, Pulp, Paper and Paperboard: 
Combustion at 525 °C; Technical Association of the Pulp and Paper Industry (TAPPI): Peachtree Corners, GA, USA, 2007. 

27. Segal, L.; Creely, J.J.; Martin, A.E.; Conrad, C.M. An empirical method for estimating the degree of crystallinity of native 
cellulose using the x-ray diffractometer. Text. Res. J. 1959, 29, 786-794, doi:10.1177/004051755902901003. 

28. Horikawa, Y.; Mizuno-Tazuru, S.; Sugiyama, J. Near-infrared spectroscopy as a potential method for identification of 
anatomically similar Japanese diploxylons. J. Wood Sci. 2015, 61, 251–261. https://doi.org/10.1007/s10086-015-1462-2. 

29. Savitzky, A.; Golay, M.J.E. Smoothing and Differentiation of Data by Simplified Least Squares Procedures. Anal. Chem. 1964, 36, 
1627–1639. https://doi.org/10.1021/ac60214a047. 

30. Hwang, S.-W.; Horikawa, Y.; Lee, W.-H.; Sugiyama, J. Identification of Pinus species related to historic architecture in Korea 
using NIR chemometric approaches. J. Wood Sci. 2016, 62, 156–167. https://doi.org/10.1007/s10086-016-1540-0. 

31. Sudarwoko Adi, D.; Hwang, S.-W.; Pramasari, D.; Amin, Y.; Cipta, H.; Damayanti, R.; Dwianto, W.; Sugiyama, J. Anatomical 
Properties and Near Infrared Spectra Characteristics of Four Shorea Species from Indonesia. HAYATI J. Biosci. 2020, 27, 247. 
https://doi.org/10.4308/hjb.27.3.247. 

32. Schwanninger, M.; Rodrigues, J.; Fackler, K. A Review of Band Assignments in near Infrared Spectra of Wood and Wood 
Components. J. Near Infrared Spectrosc. 2011, 19, 287–308. https://doi.org/10.1255/jnirs.955. 



Polymers 2022, 14, 3111 25 of 26 
 

 

33. ISO 22157-1:2019; Bamboo-Determination of Physical and Mechanical Properties-Part 1: Requirements. International 
Organization for Standardization: Geneva, Switzerland, 2019. 

34. ISO/TR 22157-2:2004; Bamboo-Determination of Physical and Mechanical Properties-Part 2: Laboratory Manual. International 
Organization for Standardization: Geneva, Switzerland, 2004. 

35. JIS A 5908 ; Japanese Industrial Standard for Particleboard. Japanese Standard Association Japan: Tokyo, Japan, 2003. 
36. Banik, N.; Dey, V.; Sastry, G.R.K. An Overview of Lignin & Hemicellulose Effect Upon Biodegradable Bamboo Fiber 

Composites Due to Moisture. Mater. Today: Proc. 2017, 4, 3222–3232. https://doi.org/10.1016/j.matpr.2017.02.208. 
37. Li, X. Physical, Chemical and Mechanical Properties of Bamboo and Its Utilization Potential for Fibreboard Manufacturing. 

Master’s Thesis, Chinese Academy of Forestry, Beijing, China, 2004. 
38. Jara, A.; Migo, V.; Acda, M.; Calderon, M.; Florece, L.; Razal, R. Chemical Composition of Bambusa vulgaris Shoots as lnfluenced 

by Harvesting Time and Height. Philipp. J. Crop Sci. (PJCS) 2018, 43, 1–9. 
39. Sharma, B.; Shah, D.U.; Beaugrand, J.; Janeček, E.-R.; Scherman, O.A.; Ramage, M.H. Chemical composition of processed 

bamboo for structural applications. Cellulose 2018, 25, 3255–3266. https://doi.org/10.1007/s10570-018-1789-0. 
40. Loiwatu, M.; Manuhuwa, E. Komponen kimia dan aatomi tiga jenis bambu dari seram, Maluku AGRITECH 2008, 28, 76–83. 
41. Indriatie, R.; Mudaliana, S.; Masruri, M. Microbial resistant of building plants of Gigantochloa apus. IOP Conf. Ser. Mater. Sci. 

Eng. 2019, 546, 042013. https://doi.org/10.1088/1757-899X/546/4/042013. 
42. Wahab, R.; Mustafa, M.; Salam, M.; Sudin, M.; W.Samsi, H.; Sukhairi, M.; Mat Rasat, M.S. Chemical Composition of Four 

Cultivated Tropical Bamboo in Genus Gigantochloa. J. Agric. Sci. 2013, 5, 66–75. https://doi.org/10.5539/jas.v5n8p66. 
43. Yusoff, M.; Bahari, S.; Haliffuddin, R.; Zakaria, M.N.; Jamaluddin, M.; Rashid, N. Chemical contents and thermal stability of 

Madu bamboo (Gigantochloa albociliata) for natural-bonded fiber composites. IOP Conf. Ser. Earth Environ. Sci. 2021, 644, 012009. 
https://doi.org/10.1088/1755-1315/644/1/012009. 

44. Maulana, M.; Marwanto, M.; Nawawi, D.; Nikmatin, S.; Febrianto, F.; Kim, N. Chemical components content of seven 
Indonesian bamboo species. IOP Conf. Ser. Mater. Sci. Eng. 2020, 935, 012028. https://doi.org/10.1088/1757-899X/935/1/012028. 

45. Nahar, S.; Hasan, M. Effect of Chemical Composition, Anatomy and Cell Wall Structure on Tensile Properties of Bamboo Fiber. 
Eng. J. 2013, 17, 61–68. https://doi.org/10.4186/ej.2013.17.1.61. 

46. Nugroho, N.; Bahtiar, E.T.; Lestari, D.; Nawari, D. Variasi Kekuatan Tarik dan Komponen Kimia Dinding Sel pada Empat Jenis 
Bambu (Variation of Tensile Strength and Cell Wall Component of Four Bamboos Species). J. Ilmu Dan Teknol. Kayu Trop. 2013, 
11, 153–160. 

47. Selvan, R.T.; Parthiban, K.T.; Khanna, S. Physio-Chemical Properties of Bamboo Genetic Resources at Various Age Gradations. 
Int. J. Curr. Microbiol. Appl. Sci. 2017, 6, 1671–1681. https://doi.org/10.20546/ijcmas.2017.609.205. 

48. Tolessa, A.; Woldeyes, B.; Feleke, S. Chemical Composition of Lowland Bamboo (Oxytenanthera abyssinica) Grown around 
Asossa Town, Ethiopia. World Sci. News 2017, 74, 141–151. 

49. Fatriasari, W.; Supriyanto, S.; Apri Heri, I. The Kraft Pulp And Paper Properties of Sweet Sorghum Bagasse (Sorghum bicolor L 
Moench). J. Eng. Technol. Sci. 2015, 47, 149–159. https://doi.org/10.5614/j.eng.technol.sci.2015.47.2.4. 

50. Purbasari, A.; Samadhi, T.; Bindar, Y. Thermal and Ash Characterization of Indonesian Bamboo and Its Potential for Solid Fuel 
and Waste Valorization. Int. J. Renew. Energy Dev. 2016, 5, 95–100. https://doi.org/10.14710/ijred.5.2.95-100. 

51. Fatriasari, W.; Masruchin, N.; Hermiati, E. Selulosa: Karakteristik dan Pemanfaatannya; LIPI Press: Jakarta, Indonesia, 2019. 
52. Toba, K.; Nakai, T.; Shirai, T.; Yamamoto, H. Changes in the cellulose crystallinity of moso bamboo cell walls during the 

growth process by X-ray diffraction techniques. J. Wood Sci. 2015, 61, 517–524. https://doi.org/10.1007/s10086-015-1490-y. 
53. Elanthikkal, S.; Unnikrishnan, G.; Varghese, S.; Guthrie, J. Cellulose microfibers produced from banana plant wastes: Isolation 

and characterisation. Carbohydr. Polym. 2010, 80, 582–859. 
54. Fatriasari, W.; Ridho, M.R.; Karimah, A.; Sudarmanto; Ismadi; Amin, Y.; Ismayati, M.; Lubis, M.A.R.; Solihat, N.N.; Sari, F.P.; et 

al. Characterization of Indonesian Banana Species as an Alternative Cellulose Fibers. J. Nat. Fibers 2022, 1–18. 
https://doi.org/10.1080/15440478.2022.2064394. 

55. Fatriasari, W.; Syafii, W.; Wistara, N.; Syamsu, K.; Prasetya, B. The Characteristic Changes of Betung Bamboo (Dendrocalamus 
asper) Pretreated by Fungal Pretreatment. Int. J. Renew. Energy Dev. 2014, 3, 133–143. https://doi.org/10.14710/ijred.3.2.133-143. 

56. Darmawan, T.; Bahanawan, A.; Sudarwoko Adi, D.; Dwianto, W.; Nugroho, N. Fixation process of laminated bamboo 
compression from curved cross-section slats Indones. J. For. Res. 2021, 8, 159–171. https://doi.org/10.20886/ijfr.2021.8.2.159-171. 

57. Iswanto, A.H.; Tarigan, F.O.; Susilowati, A.; Darwis, A.; Fatriasari, W. Wood Chemical Compositions of Raru Species 
Originating from Central Tapanuli, North Sumatra, Indonesia: Effect of Differences in Wood Species and Log Positions. J. 
Korean Wood Sci. Technol. 2021, 49, 416–429. 

58. Barrios, A.; Trincado, G.; Watt, M. Wood Properties of Juvenile and Mature Wood of Pinus radiata D. Don Trees Growing on 
Contrasting Sites in Chile. For. Sci. 2017, 63, 184–191. https://doi.org/10.5849/forsci.2016-060. 

59. Takeuchi, R.; Wahyudi, I.; Aiso, H.; Ishiguri, F.; Istikowati, W.T.; Ohkubo, T.; Ohshima, J.; Iizuka, K.; Yokota, S. Anatomical 
characteristics and wood properties of unutilized Artocarpus species found in secondary forests regenerated after shifting 
cultivation in Central Kalimantan, Indonesia. Agrofor. Syst. 2019, 93, 745–753. https://doi.org/10.1007/s10457-017-0171-9. 

60. Li, M.-Y.; Ren, H.-Q.; Wang, Y.-R.; Gong, Y.-C.; Zhou, Y.-D. Comparative studies on the mechanical properties and 
microstructures of outerwood and corewood in Pinus radiata D. Don. J. Wood Sci. 2021, 67, 60. 
https://doi.org/10.1186/s10086-021-01992-6. 



Polymers 2022, 14, 3111 26 of 26 
 

 

61. Gierlinger, N.; Schwanninger, M.; Wimmer, R. Characteristic and classification of Fourier-transform near infrared spectra of 
heartwood of different larch species (Larix sp). J. Near Infrared Spectrosc. 2004, 12, 113–119. https://doi.org/10.1255/jnirs.415. 

62. Via, B.; McDonald, T.; Fulton, J. Nonlinear multivariate modeling of strand density from near-infrared spectra. Wood Sci. 
Technol. 2012, 46, 1073–1084. https://doi.org/10.1007/s00226-012-0467-x. 

63. Sandak, J.; Sandak, A.; Meder, R. Assessing trees, wood and derived products with NIR spectroscopy: Hints and tips. J. Near 
Infrared Spectrosc. 2016, 24, 485–505. https://doi.org/10.1255/jnirs.1255. 

64. Baharoğlu, M.; Nemli, G.; Sarı, B.; Birtürk, T.; Bardak, S. Effects of anatomical and chemical properties of wood on the quality 
of particleboard. Compos. Part B Eng. 2013, 52, 282–285. https://doi.org/10.1016/j.compositesb.2013.04.009. 

65. Abdullah, A.H.; Karlina, N.; Rahmatiya, W.; Patimah; Fajrin, A. Physical and mechanical properties of five Indonesian 
bamboos. IOP Conf. Ser. Earth Environ. Sci. 2017, 60, 012014. https://doi.org/10.1088/1755-1315/60/1/012014. 

66. Chowdhury, M.Q.; Ishiguri, F.; Hiraiwa, T.; Matsumoto, K.; Takashima, Y.; Iizuka, K.; Yokota, S.; Yoshizawa, N. Variation in 
anatomical properties and correlations with wood density and compressive strength in Casuarina equisetifolia growing in 
Bangladesh. Aust. For. 2012, 75, 95–99. https://doi.org/10.1080/00049158.2012.10676390. 

67. Espiloy, Z.B. Physico-mechanical properties and anatomical relationships of some Philippine bamboos. In Proceedings of the 
International Bamboo Workshop, Hangzhou, China, 6–14 October 1985; pp. 257–264. 

68. Longui, E.; Brémaud, I.; da Silva Júnior, F.; Lombardi, D.; Alves, E. Relationship among extractives, lignin and holocellulose 
contents with performance index of seven wood species used for bows of string instruments. IAWA J. 2012, 33, 141–149. 
https://doi.org/10.1163/22941932-90000085. 

69. Bufalino, L.; Albino, V.C.S.; Sá, V.; Corrêa, A.A.R.; Mendes, L.; Almeida, N.A. Particleboards made from Australian red cedar: 
Processing variables and evaluation of mixed-species. J. Trop. For. Sci. 2012, 24, 162–172. 

70. Kelly, M. Critical Literature Review of Relationship Between Processing Parameter And Physical Properties of Particleboard. 
General Technical Report. Wisconsin University, Madison, WI, USA, 1977. 

71. Bowyer, J.; Shmulsky, R. Forest Products and Wood Science: An Introduction, 4th ed.; Wiley-Blackwell: Hoboken, NJ, USA, 2003. 
72. Farrokhpayam, S.R.; Valadbeygi, T.; Sanei, E. Thin particleboard quality: Effect of particle size on the properties of the panel. J. 

Indian Acad. Wood Sci. 2016, 13, 38–43. https://doi.org/10.1007/s13196-016-0163-9. 
73. Vital, B.; Lehmann, W.; Boone, R. How Species and Board Density Affect Properties of Exotic Hardwood Particleboard. For. 

Prod. J. 1974, 24, 37–45. 
74. Iswanto, A.; Aritonang, W.; Irawati, A.; Supriyanto; Widya, F. The physical, mechanical and durability properties of sorghum 

bagasse particleboard by layering surface treatment. J. Indian Acid Wood Sci. Technol 2017, 14, 1–8. 
75. Rofii, M.N.; Yumigeta, S.; Kojima, Y.; Suzuki, S. Effect of furnish type and high-density raw material from mill residues on 

properties of particleboard panels. J. Wood Sci. 2013, 59, 402–409. https://doi.org/10.1007/s10086-013-1353-3. 
76. Hidayat, W.; Aprilliana, N.; Asmara, S.; Bakri, S.; Hidayati, S.; Banuwa, I.S.; Lubis, M.A.R.; Iswanto, A.H. Performance of 

eco-friendly particleboard from agroindustrial residues bonded with formaldehyde-free natural rubber latex adhesive for 
interior applications. Polym. Compos. 2022; 1-12. https://doi.org/10.1002/pc.26535. 

77. Antov, P.; Savov, V.; Neykov, N. Influence of the composition on the exploitation properties of combined medium density 
fibreboards manufactured with coniferous wood residues. Eur. Mech. Sci. J. 2018, 2, 140–145. 

78. Faria, D.; Lopes, T.; Mendes, L.; Guimarães, J. Valorization of wood shavings waste for the production of wood particulate 
composites. Matéria (Rio de Janeiro) 2020, 25, 1-11. https://doi.org/10.1590/s1517-707620200003.1080. 

79. Gößwald, J.; Barbu, M.C.; Petutschnigg, A.; Krišťák, Ľ.; Tudor, E.M. Oversized Planer Shavings for the Core Layer of 
Lightweight Particleboard. Polymers 2021, 13, 1125. 

80. Badejo, S.O.O. Effect of flake geometry on properties of cement-bonded particleboard from mixed tropical hardwoods. Wood 
Sci. Technol. 1988, 22, 357–369. https://doi.org/10.1007/BF00353325. 

81. Hashim, R.; Saari, N.; Sulaiman, O.; Sugimoto, T.; Hiziroglu, S.; Sato, M.; Tanaka, R. Effect of particle geometry on the 
properties of binderless particleboard manufactured from oil palm trunk. Mater. Des. 2010, 31, 4251–4257. 
https://doi.org/10.1016/j.matdes.2010.04.012. 

82. Cosereanu, C.; Brenci, L.; Zeleniuc, O.; AN., F. Effect of particle size and geometry on the performance of single-layer and 
three-layer particleboard made from sunflower seed husks. BioResources 2015, 10, 1127–1136. 

83. Wong, E.D.; Zhang, M.; Wang, Q.; Kawai, S. Formation of the density profile and its effects on the properties of particleboard. 
Wood Sci. Technol. 1999, 33, 327–340. https://doi.org/10.1007/s002260050119. 

84. Warmbier, K.; Wilczyński, M. Resin Content and Board Density Dependent Mechanical Properties of One-Layer Particleboard 
Made from Willow (Salix viminalis). Drv. Ind. 2016, 67, 127–131. https://doi.org/10.5552/drind.2016.1502. 

 


