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INTRODUCTION

Bamboo has exceptional and impressive 
attributes, characteristics and properties, 
sometimes exceeding trees in several ways (Baja-
Lapis et al. 2016). The compressive and tensile 
strength of bamboo are almost the same as that 
of steel; it is considered as the green steel of the 
21st century (Gupta et al. 2015). Furthermore, 
bamboo is recognized as one of the fastest-
growing plants on earth and the best alternative 
to wood (Wahab et al. 2009). Research on the 
physical, mechanical, chemical and technological 
properties of bamboo have resulted in the 
development of numerous products including 
engineered bamboo (Anwar et al. 2004).
 Engineered bamboo products are recent 
innovations in the bamboo industry. Bamboo 
culms are processed into slats, slivers, scraps and 
spokes, while treated, pressed and laminated 
bamboo to form planks. The planks are then 

converted to produce furniture, floor, wall 
panels and other products.
 Giant bamboo (Dendrocalamus asper) and 
Kawayan tinik (Bambusa blumeana) are the 
most commonly available local bamboo species 
used in engineered-bamboo production in the 
Philippines. B. blumeana was introduced to the 
Philippines and became naturalized. It is a 
densely tufted, sympodial type of bamboo with 
spiny basal branches and a culm height that 
ranges from 15 to 25 m and culm diameter ranges 
from 6 to 10 cm. Its internodal length ranges 
from 25 to 60 cm and the culm wall thickness 
varies from 0.5 to 3 cm (Roxas 2012). D. asper is 
also an introduced and naturalized species in the 
Philippines. It is also a sympodial type of bamboo 
with culm height ranging from 20 to 30 m 
and culm diameter ranging from 8 to 20 cm. Its 
average internodal length is 42.9 cm long (Roxas 
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2012). Both species grow relatively fast in good 
soil and produce large diameter culms suitable 
for engineered bamboo and other structural 
applications.
 In the production of engineered bamboo, 
determination of wettability property of the 
material is important. Wettability is a surface 
condition that determines the extent the fluid 
drawn by the surface, affecting absorption, 
adsorption, penetration and spread of adhesive 
(Marra 1992). 
 Cosine-Contact Angle (CCA) and Corrected 
Water-Adsorption Height (CWAH) were the 
techniques used in measuring the wettability 
property of materials (Sucipto et al. 2018). 
However, CCA gave a relatively more accurate 
value compared to CWAH method. Determining 
the contact angle was done by measuring the 
angle formed between the surfaces of the 
materials with an adhesive liquid that was 
dropped on the material surface (Sucipto 2009). 
A small contact angle indicated the material had 
high wettability property.
  Thermal treatment was one of the recent 
developments that improved the durability 
and aesthetic value of the engineered bamboo 
products.  In this process,  bamboo slats 
were subjected to high temperature, which 
“caramelizes” the bamboo fiber resulting in 
brown hue (Zhang et al. 2013). The treatment 
also resulted in the modification of the 
carbohydrates in the bamboo. A reduction 
in the wettability property was observed after 
heat treatment of spruce, poplar, beech, pine 
(Petrissans et al. 2003) and Pinus pinaster and 
Eucalyptus globules (Esteves et al. 2007). Similar 
observations were found in Phyllostachys pubescens 
(Zhang and Yu 2015).
 There is limited study on the effect of thermal 
treatment on the wettability property of D. asper 
and B. blumeana to provide information for 
prediction of relative adhesion strength values in 
both untreated and thermally-treated bamboo. 
Therefore, a study was conducted with three 
main objectives: a) to compare the wettability 
property of D. asper and B. blumeana, b) to 
determine the influence of height levels, density 
and layers on the wettability of both species of 
bamboo, and c) to access the effect of thermal 
treatment on the wettability property of both 
bamboo species.

MATERIALS AND METHODS

Raw materials

Two species of bamboo were used in this study 
namely, D. asper and B. blumeana. The mature 
culms of D. asper and B. blumeana were collected 
from Barangay Masapang, Victoria, Laguna, 
Philippines. For each species, culms with ages 
between 4–5 years old were obtained from 
separate bamboo clumps. The culms were cut 
at about 300 mm above the ground. The total 
length of each culm was measured and then 
divided into three segments namely bottom, 
middle and top. 

Preparation of specimens

Wettability properties

For each species, the middle internode of each 
culm segment was determined and marked 
(Figure 1). A 127 mm long segment was cut 
out from the selected middle internode using a 
mechanized pole cutter. The segment was then 
split using a sharp bamboo to give four slats. The 
inside and outside skin of each slat was removed 
and a 25 mm long sample was cut from one 
end for physical property determination. The 
remaining piece with a dimension of 5 × 25  × 
101 mm was used for wettability property test 
after conditioning to 5–8% moisture content.

Figure 1 Selection of middle internode from each 
culm segment to prepare specimens for 
the contact angle measurements and 
physical property tests
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Physical properties 

Moisture content was determined using the 
procedure described in ASTM D143 – 94 (ASTM 
2000). The volume of the test samples was 
determined by the “displacement method.” The 
density of each sample was determined as the 
ratio of the conditioned weight to the volume 
at test.

Set up for contact angle measurement

A camera with a macro lens was attached on 
a tripod with a lens distance of 200 mm from 
the edge of the bamboo was used to take clear 
photographs (Sucipto et al. 2018). The distance 
between the bamboo surface and the tuberculin 
mouth was at 20 mm and the droplet volume was 
approximately 0.01 mL. 

Contact angle measurement 

Sanding was carried out after the bamboo 
samples were conditioned. Both untreated 
and treated samples were lightly sanded for 
30 times using 120-grit sandpaper. A polyvinyl 
acetate dispersion (PVA) adhesive was used for 
contact angle measurement since it is used in the 
manufacturing of engineered bamboo products 
in the Philippines. PVA is a popular adhesive 
because of its low cost (Alipon & Cabangon 
2013). Specification of PVA wood glue is shown 
in Table 1. Contact angle measurement was 
performed on both the outside and inside layer 
of each test bamboo slat. There were 72 samples 
(36 per species) with six testing points (three 
for outside surface, and three for inside surface) 
for each sample. A photograph was taken at 2 
seconds after the adhesive was dropped at each 
test point (Figure 2). The evaluation of the 
contact angles was carried out using Image J 
software ver. 1.52. 

Thermal treatment

The same bamboo samples were placed in an oven 
and treated at a temperature of 160 °C for 2 hours 
until the color turned brown (Shangguan et al. 
2016). The treated samples were conditioned to 
5–8% moisture content. The measurement of 
contact angle was then carried out.

Statistical analysis

Analysis of variance (ANOVA) in complete 
randomized design (CRD) was used to analyze 
the results for both species. Further analysis 
was conducted by using a Tukey’s HSD test. 
Statistically significant was set at the 95% 
confidence level. All the statistical analysis was 
done using R-studio ver. 3.6.0 (R Core Team 
2019). 

RESULT AND DISCUSSION

Wettability property of D. asper and 
B. blumeana

The result of the ANOVA and Tukey’s HSD test 
of the contact angle measurements were shown 
in Table 2 and 3. Figure 3 and 4 showed the 
comparison of the contact angle of D. asper and 
B. blumeana for untreated and thermally-treated 
samples at different culm height levels and culm 
wall layers. Figure 5 showed the density of both 
untreated and thermally-treated samples for both 
species of bamboo at different culm height levels. 
 All height levels and layers, the contact 
angle of untreated D. asper with an average of 
107.76°, was significantly lower compared to 
untreated B. blumeana with an average of 112.17° 

(Table 3). At different height levels, the contact 

Table 1  Adhesive properties of polyvinyl acetate 
(PVA) wood glue

Property

Color White (transparent when dry)

Viscosity (mPa’s) Approx. 150

pH value Approx. 7

Solid content (%) 50 

Figure 2 Sample photograph of adhesive droplet 
on the surface of the bamboo
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Table 3 Tukey’s HSD of contact angle (o) of D. asper  
and B. blumeana at different height levels, layers 
and treatments

Factors
Mean contact angle (o)

D. asper B. blumeana

Height levels

 Bottom 103.17b 106.77b

 Middle 103.70b 113.21a

 Top 107.31a 108.66b

Layers

 Outside 107.53a 112.88a

 Inside 101.92b 106.21b

Treatments

 Treated 101.69a 106.92a

 Untreated 107.75b 112.17b

Means within the same row for each property followed by the 
same letter are not significantly different

Table 2  Analysis of variance (ANOVA) of contact angle of D. asper and B. blumeana as a 
function of species, height levels, layers, treatments and interaction among the four 
variables

Source of variation DF F-value p-value

Species (D. asper & B. blumeana) 1 35.14 9.56e-09 **

Height levels (bottom, middle & top) 2 7.22 0.0008 **

Layers (inside & outside) 1 56.91 7.37e-13 **

Treatments (without & with thermal treatment) 1 48.35 2.80e-11 **

Species × height levels 2 8.96 0.0001 **

Species × layers 1 0.43 0.5115ns

Species × treatments 1 0.25 0.6177ns

Height levels × layers 2 0.48 0.6172ns

Height levels × treatments 2 1.64 0.1959ns

Layers treatments 1 0.43 0.5126ns 

Species × height levels × layers 2 4.51 0.0119 *

Species × height levels × treatments 2 1.15 0.3195ns

Species × layers × treatments 1 2.52 0.1134ns

Height levels × layers × treatments 2 3.11 0.0460ns

Species × height levels × layers × treatments 2 0.34 0.7110ns

Error 264

Total 287

** = significant at 1% level of probability, * = significant at 5% level of probability
ns = not significant
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angles for untreated D. asper and B. blumeana 
were significantly different only at the middle 
portion of the culms. This was supported by the 
ANOVA which showed the culm height level 
was a significant factor affecting contact angles 
in D. asper and B. blumeana (p = 0.0008). The 
interactions of species × height levels (p  =  0.0001) 

and species × height levels × layers (p = 0.0119) 
were likewise significant, suggesting that these 
contributed to the variability in the contact angles.
 The top portion of D. asper gave significantly 
higher contact angle compared to the other 
portions (Table 3). However, the contact angles 
for the bottom and middle portions were not 

D. asper B. blumeana

Figure 3  Comparison of contact angle of D. asper and B. blumeana for untreated and 
thermally treated samples at different height levels

Values in parentheses are standard deviation; means with the same letter are not significantly 
different from each other at 95% confidence level

Figure 4 Comparison of contact angle of D. asper and B. blumeana for 
untreated and thermally treated samples at different layers

D. asper B. blumeana

Values in parentheses are standard deviation; means with the same letter are not 
significantly different from each other at 95% confidence level
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significantly different from each other. In the 
case of B. blumeana, the contact angle of the 
middle portion was significantly higher than 
the bottom and top portions. The difference in 
contact angle could be explained in terms of the 
difference in density at different culm height 
levels (Figure 5). This corroborated the earlier 
studies in D. strictus (Ahmad & Kamke 2003), 
Gigantochloa scortechinii (Anwar et al. 2004) and 
D. asper (Chaowana et al. 2012) that showed 
increasing contact angles as density increased.
 Sucipto et al. (2018) stated that materials 
with low density had better wettability properties. 
This study found the density of D. asper increased 
from the bottom to the top, while in B. blumeana 
the middle portion had the highest density. 
The findings supported the results previously 
reported by Sucipto et al. (2018). Variation in 
the density of bamboo taken from different culm 
height levels was due to the changing proportion, 
size of vascular bundles, and percentage of silica 
content. Studies by Siam et al. (2019) showed the 
vascular bundle area of D. asper from bottom to 
top portion were 10, 12 and 16 mm-2 respectively. 
In B. blumeana, the corresponding values were 
10, 15 and 18 mm-2 respectively. Generally, 
bamboo with high density was harder and 
negatively affecting the penetration of adhesive 
that resulted in a high contact angle. High 
silica content also contributed to the increase 
in contact angle and lower wettability property 
(Faizal et al. 2015).

 The contact angle of D. asper and B. blumeana 
also exhibited significant differences between 
the layers (p = 7.37e-13). The average contact 
angle of the outer layer of D. asper at 110.94° 
and B. blumeana at 114.60° was significantly 
higher compared to that of the inner portion at 
104.58° and 109.75° for D. asper and B. blumeana  
respectively (Figure 4). 
 Higher contact angles in the outside layer 
were previously observed in D. sericeus (Chaowana 
et al. 2015), D. asper, B. arundinaceae and Guadua 
angustifolia (Li et al. 2004). The results indicated 
that the outside layers of D. asper and B. blumeana 
were more difficult to be wetted than the inside 
layer. A large contact angle indicated low 
wettability causing penetration of adhesive and 
liquids would be difficult.
 The difference between the contact angle of 
the outside and inside layer was due to variation 
in their density (Chaowana et al. 2015). The 
outside layer was denser than the inside portion 
due to the high occurrence of vascular bundles 
and low distribution of parenchyma cells in the 
outside layer. It was also hydrophobic due to its 
high silica content (Faizal et al. 2015). These 
factors made the outer layer more difficult to be 
penetrated by liquid, consequently resulting in a 
higher mean contact angle (Li et al. 2004). The 
difference in the extractive content might also 
affect the wettability properties of bamboo layers 
as its outside layer possessed higher extractive 
content (Faizal et al. (2015).

Figure 5  Effect of thermal treatment on the density of D. asper and B. blumeana

B. blumeanaD. asper

Values in parentheses are standard deviation; there are no significant differences between means
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Effect of thermal treatment on wettability 
property of D. asper and B. blumeana

The thermal treatment on D. asper  and                               
B. blumeana significantly reduced the contact 
angle of both species (p = 2.80e-11). The observed 
contact angle in the treated slats was lower than 
the untreated slats (Figure 3 and 4). 
 After thermal treatment, the contact angle 
of D. asper decreased from 101.76° to 101.69° 
(a 5.63% reduction) and for B. blumeana, the 
decrease was from 112.17° to 106.92° (a 4.68% 
reduction). For the culm height levels, the highest 
reduction was found in the both bottom portions 
of D. asper (5.80%) and B. blumeana (5.52%) 
respectively. For the layers, a higher reduction was 
observed in the outside layer (6.15%) for D. asper 
and the inside layer (6.45%) for B. blumeana. 
 As in the case of the untreated bamboo, the 
top portion of D. asper and middle portion of 
B. blumeana gave significantly higher contact angle 
measurements than the other portions. A high 
mean contact angle was retained by the outside 
layer for both species of bamboo after the thermal 
treatment. 
 The significant reduction in the contact angle 
for both bamboo species could be attributed to 
the decrease in density after thermal treatment as 
material degradation was observed in the bamboo 
due to high temperature. 
 The decrease in density and contact angle was 
also observed in compressed oil palm trunk using 
phenol-formaldehyde after exposure to 120 °C 
and a pressure of 25 kg for 30 mins (Sucipto et 
al. 2018). Furthermore, the decrease in contact 
angle was also seen in Neosino calamus affinis 
(Shangguan et al. 2016) and P. pubescens (Shah et 
al. 2018) after being subjected to heat treatment. 
The decrease in contact angle in treated bamboo 
was caused by the reduction in the hydrophobicity 
of bamboo fibers, higher polarity and surface 
energy after exposure to high heat treatment 
(Shah et al. 2018).
 High temperature caused damage to crystalline 
cell wall structure, resulting in increased moisture 
content, absorption and wettability property 
of the materials (Liu and Zhao 2004). The 
crystallinity of the cell wall decreased due to 
depolymerization and degradation in both 
crystalline and amorphous regions (Akgül et al. 
2007). The decrease in density and degradation 
of chemical structure could also be the reason for 
the increase in hygroscopicity of bamboo after 
heat treatment (Shangguan et al. 2016). 

 The average contact angle of treated 
B. blumeana (106.92°) was significantly higher 
than D. asper (101.69°) for treated samples 
(Table 3). On the other hand, Figures 3 and 4 
showed that B. blumeana slats gave higher contact 
angles at different height levels and layers than 
D. asper. The observed contact angles of both 
untreated and treated D. asper and B. blumeana 
were higher compared to wood species such 
as P. falcataria (90.11°) and Shorea sp. (83.00°) 
(Sucipto et al. 2018). 
 The observations reported in the present 
study differed from the other studies. Previous 
studies by Hou et al. (2011), Li et al. (2015) and 
Zhang & Yu (2015) showed a significant increase 
in the contact angle after the thermal treatment 
of Phyllostachys pubescens. Similarly, an increase 
in contact angle was observed in beach wood 
(Hakkou et al. 2005), spruce, poplar, beech and 
pine (Petrissans et al. 2003), Pinus pinaster and 
Eucalyptus globules (Esteves et al. 2007) after heat 
treatment. They concluded that the increase 
in contact angle after heat treatment might 
be due to plasticization of lignin which led to 
a reorganization of lignocellulosic polymeric 
components. 
 Treated and untreated B. blumeana were 
predicted to have poor surface wettability and 
weak bonding properties due to higher contact 
angle as compared to D. asper. Thus, both 
untreated and treated D. asper would have better 
penetration by glue and higher bonding strength 
as compared to B. blumeana.
 Based on the findings, it was recommended 
that additional surface treatment be performed 
on the outside layer to improve its wettability 
and comparable with the inside layer of an 
assembled construction layered bamboo. Previous 
study by Chaowana et al. (2015) indicated that 
lower physical and mechanical properties were 
observed in outside-outside layer than the inside-
inside layer combination of laminated bamboo 
lumber made from D. sericeus. Anwar et al. (2012) 
also reported that the internal bond of bamboo 
zephyr board and shear property of plybamboo 
decreased when the bamboo was laid based on 
outside-outside layer. 

Effect of thermal treatment on the physical 
properties of D. asper and B. blumeana

There was no significant decrease in density of 
both bamboos after thermal treatment (Figure 
5). In contrast, the bottom portion of D. asper 
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showed significant reduction in density as a result 
of thermal treatment. 
 A similar decrease in density after exposure 
to high temperature was observed in B. blumeana 
(Natividad & Jimenez, 2015) and N. calamus 
affinis (Shangguan et al. 2016). The density of 
wood exposed to high temperature decreased 
due to thermal degradation of the components 
and had negatively affected its mechanical 
properties (Sinha et al. 2010). 
 Bremer et al. (2013) explained that the 
decrease in density of bamboo after heat 
treatment was due to the mass loss owing to the 
decomposition of hemicelluloses at very high 
temperature. This finding conformed to the study 
of Windeisen et al. (2007), where the decrease 
in density was due to chemical modification of 
cellulose and hemicellulose as they were more 
susceptible to thermal degradation than the 
other components. 
 In a study by Zhang et al. (2013), the 
reduction of 26.3% and 52.9% were observed in 
bamboo cellulose and hemicellulose respectively 
after thermal treatment above 160 °C. Meng 
et al. (2016) discovered that the bamboo 
cellulose decreased from 41.54% to 26.61% 
as the temperature increased from ambient 
temperature to 200 °C.
 Another noticeable difference between the 
untreated and thermally-treated samples of 
D. asper and B. blumeana was the color change 
in species after thermal treatment (Figure 6). 

Untreated samples were light in color, but the 
thermally-treated samples turned bright brown 
after being subjected to 160 °C for 2 hours. 
Similarly, N. calamus affinis (Shangguan et al. 
2016), B. blumeana (Natividad & Jimenez, 2015) 
and P. pubescens (Shah et al. 2018) also changed  
color after heat treatment. 
 The color change in bamboo from light to 
dark brown could possibly be due to the chemical 
reaction of lignin during the heat treatment. 
A typical Gramineae lignin was composed of a 
mixture of phenylpropanoid compounds with 
chromophoric groups (Shao et al. 2008). Lignin 
was relatively stable at room temperature but was 
quickly oxidized, forming chromophoric groups 
in high temperature (Sharratt et al. 2009). 
 Exposing bamboo slats to a temperature of 
160 °C for 2 hours might have resulted in the 
degradation of materials in both bamboos. 
However, the temperature was not high enough 
to produce significant differences in density 
at different height levels in both bamboos. 
In a study by Natividad & Jimenez (2015), 
a significant decrease in the relative density 
of B. blumeana was observed at 200 °C for 1 
hour. In addition, a significant change in the 
mass of Neosino calamus affinis was found at a 
temperature between 170 and 230 °C for 2 hours. 
 The color changes improved the aesthetic 
value of bamboo without sacrificing its mechanical 
properties. It was noted that although the relative 
density decreased, the values were not statistically 

Figure 6  Difference in color of Kawayan tinik (B. blumeana) and Giant bamboo (D. asper) 
before (left panel) and after (right panel) thermal treatment
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significant after heat exposure at 160 °C for 2 
hours. 

CONCLUSION 

Both the untreated and thermally-treated 
D. asper possessed better wettability compared 
to B. blumeana as shown by the contact angle 
measurements. At different height levels, the 
top portion of D. asper and middle portion of 
B. blumeana had significantly higher contact 
angles and densities, which could imply that 
they had lower wettability compared to the 
other culm portions. The inside layer of both 
bamboos had better wettability compared to 
the outside layer. 
 Color variation and reduction in density were 
observed after the thermal treatment for both 
bamboo species. Due to material degradation, the 
decrease in contact angle had helped in improving 
the wettability property of both bamboos.
 Thermal treatment with temperature at 160 °C 
for 2 hours helped to improve the aesthetic value 
of both bamboos by changing the color without  
significant reduction in density. Thus, exposure 
of both bamboos at this temperature would not 
dramatically affect the mechanical properties. 
Further studies employing several combinations 
of temperature and duration of treatment are 
needed to optimize the process. 
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