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Abstract  

Cellulose produced by fermentation of acetic acid bacteria has high tensile strength. Meanwhile, 

cellulose derived from wood, which is abundant in nature, has a limit in strength. In this work, delignified 

wood veneer was immersed in Acetobacter xylinum culture medium to self-assemble bacterial cellulose 

into wood pores. Then the process was continued with a heating press. It makes the material denser and 

causes hydrogen bonds to form between the cellulose fibers. This study observed the densified hybrid 

veneer for the period of bacterial fermentation and impregnation of resin stabilization in tensile strength 

and dynamic mechanical analysis (DMA). The densified hybrid veneer of bacterial cellulose with resin 

impregnation had the maximum tensile strength after 7 days of fermentation. The DMA test showed that a 

densified hybrid veneer of bacterial cellulose stabilized with resin has a good ability to store cyclic energy 

and a damping factor that increases with temperature. 
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Introduction 

Cellulose, which includes natural polymers made of several repeating glucose chains to build very long 

linear chains, is the most significant component and skeleton in plants [1]. Cellulose has become essential 

in the development of polymeric materials and composites due to its unexpected specificity, amazing 

architecture, diversified reactivity, and utility [2]. Current environmental consciousness has resulted in the 

creation of renewable natural materials for use in a variety of areas. Wood is a natural material that is 

lightweight, robust, bendable, affordable, and renewable. However, as a natural product, wood also has 

some disadvantages, such as low mechanical strength, poor fire resistance, defects, and non-uniform 

growth. Several of its weaknesses may be mitigated by changing it during the compaction process, which 

changes its physical and mechanical qualities. 

The densification is a common method to enhance the qualities of wood without using harmful 

chemicals. The density of wood increases during the densification process, which requires heat and 

pressure. One of the drawbacks of this densification method is that the fixation phase of densified wood is 

difficult to achieve. Densified wood tends to swell with time and ambient humidity. Densified can be fixed 

in a few ways, such as with rising steam, adhesive impregnation or heat treatment [3]. The simplest method 

for producing dense, strong wood is to remove the lignin during the early stages of densification [4]. 

Through the process of delignification and densification, water molecules could produce hydrogen bonding 

in wood nanofibers during hot pressing, affecting their morphology and physical properties [5]. The 

mechanical properties of densified wood increase by giving heat stress, but they will decrease if the heat is 

continuously elevated [6].  

Cellulose derived from plants is one of the most abundant polymers in nature. In addition, cellulose 

can also be produced from bacterial fermentation. One of them is from a type of acetic acid bacteria such 

as Acetobacter xylinum. Cellulose produced from bacterial fermentation is pure and has a high strength. It 

was recently discovered that it has the capability to coat organic fibers with bacterial cellulose (BC). The 

BC pellicle that coats the natural fiber acts provides extra reinforcement to improve the mechanical strength 

[7] . The interaction between BC and plant cellulose is known to have the potential to form hydrogen bonds 

between cellulose chains [8]. Since cellulose chains are long and straight, they may be arranged near one 
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another in parallel. Figure 1 shows that when cellulose chains are parallel, the hydroxyl (OH) groups on 

glucose monomers in different chains can be next to each other and link to make hydrogen bonds. BC is 

also able to increase the surface bond between polymer adhesives and natural fibers [9]. Previously, we 

discovered Acetobacter xylinum could enter the veneer cavity and form a pellicle in the culture 

medium[10].The finished product is a densified hybrid veneer-BC with improved mechanical strength [11]. 

 

 
Figure 1 Intermolecular hydrogen bonds. 

 

Elastic deformation occurs during microfiber, recovery to original shape is possible. Set-recovery can 

be attributed to  cellulose macromolecules elastic strain energy release [12]. In contrast, spring-back is a 

wood’s natural response to reduce the pressures produced by a process. After a load that caused the 

deformation was removed, the spring-back effect swiftly took place, leading to an instant set-recovery in 

the wood [13]. A hygroscopic nature of wood causes a densified wood to revert its original shape. Due to 

the free hydroxyl groups in cellulose, it binds to water extremely readily. As the wood's size increases over 

time in humid places, its strength decreases. The solution to this issue is to stabilize the wood by 

impregnating it with resin. To get into the wood pores, a stable resin with low viscosity and high vacuum 

strength is needed. Hydroxypropyl methacrylate is the major ingredient of stable resin, a polar monomer 

capable of enhancing wood’s dimensional [14]. As a result, the originality of this work is that the endeavor 

to replace wood fiber with bacterial cellulose reinforcement and stabilize compaction veneer with resin 

impregnation has never been done previously. In this case, the results of the modification research will be 

used to make and use hybrid materials that can absorb ballistic energy [15]. 

The dynamic load will have an impact on the wood during use and application. Therefore, 

understanding and investigating the behavior of densified wood under periodic stress is critical. A dynamic 

mechanical analyzer (DMA) is a method for determining the thermo-mechanical characteristics of  material 

under dynamic stress [16]. Results from DMA can characterize morphology and adsorption as a result of 

frequency, duration, load, or a set of parameters. This research creates delignification veneer using BC in 

the culture medium to be densified and then stabilized with resin. This technique was utilized to enhance 

the physical and mechanical properties of veneer. The capacity of bacteria to enter veneer pores was 

observed, measured and shown using a digital microscope. A tensile test determined the veneer’s 

mechanical strength. DMA was used to find out how dynamic load affects the stored modulus (E') and 

damper factor (tan) of veneer hybrids like the thermal rose. 

 

Materials and methods 

This research utilized 2.3 mm wood veneer. A 15-year old Platinum teak tree (Tectona grandis L.f.) is 

harvested and processed for veneer. All specimens used were devoid of noticeable knots and crack. The 

sample is then cut into a size of 100100 mm2. Another material used in the study is a bacterial starter. The 

bacterial starter contains millions of Acetobacter xylinum cells needed to produce BC in the culture medium. 

Acetobacter xylinum is a gram-negative bacterium. This acetic acid bacteria can polymerize glucose into 

cellulose strands [17]. The starter was purchased from the Biotechno Store Collection in liquid form.  
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Wood delignification is required to remove lignin and hemicellulose. The veneer sample is delignified 

by boiling it in a 1 M NaOH solution in beaker glass at 90 C for 90 minutes [10,11]. After that, it was 

washed with water. By soaking the wood for 24 hours in water, any residual NaOH solution and other 

contaminants were eliminated. Next, it was cleaned until there were no significant impurities. 

In-situ BC self-assembly is carried out in culture medium. The composition of the culture medium for 

1 L of coconut water was 5 % white sugar, 1 % acetic acid, and 0.1 % urea. Strain the old coconut water 

and boil it on the stove. Then, decrease the heat together with gradually add the acetic acid at pH 4. After 

Mixing sugar with urea, the solution was stirred, and it was boiled on low heat for 15 minutes. Next, 

inserting BC into veneer cavity. First, it was put in a plastic box, then the box was filled with hot media 

until it was saturated. To avoid infection, quickly cover it with paper.  Before adding 10 mL of starting of 

bacteria to 1 L of culture solution, the temperature must reach 30 °C. To avoid contamination from the air, 

starter bacteria should be put into the culture medium immediately. The fermentation took 5, 6, 7, and 8 

days at room temperature (28 - 30 C). The veneer and BC might be harvested to make a hybrid veneer.  

First, harvesting and cleaning of wood veneer, then this hybrid veneer was dried and cured to 30 - 35 

%. At a temperature of 135 C, a hot press densified the veneer using 10 MPa in pressure with gradually 

increasing 2.5 MPa every 15 minutes for 60 minutes. These methods resulted in a veneer that was densified 

and had a density of 1.18 - 1.23 g/cm3. After densifying, it is resin stabilized. This process used a tube with 

a vacuum pressure of 50 cm Hg for 30 minutes and the impregnation method. Then, it got 60 minutes of 

high-pressure air from a compressor. This study uses a stabilized resin type, namely hydroxypropyl 

methacrylate-based stabilizer resin (Stick Fast®). 

A tensile strength test was measured to analyze the mechanical strength of densified veneer. This 

research compares the tensile strength of the natural teak veneer (NV), densified veneer-BC (DVB), and 

densified veneer-BC-stabilized (DVB-S) made with 5, 6, 7, and 8 days of fermentation. All of tensile 

strength specimens were 100 mm in length and 10 mm wide, and there were 6 replicates [18]. A universal 

testing machine (SHIMADZU, AGS-X-10 kN) was used to evaluate tensile strength at 0.6 mm/minute in 

speed. Perkin Elmer DMA 8000 was utilized to analyze dynamic mechanical. Figure 2 shows the vener’s 

dimensions, 10 mm in width and 40 mm in length, with a clamping range of 6.5 mm in the center. The 

specimens were heated at 20 to 250 C at a rate of 5 C/minute. In addition, the strain pressure was 0.01 

mm at a constant frequency of 1 Hz. 

 

 

Figure 2 Single-cantilever DMA bending mode. 

 

Results and discussion 

After the delignification process, bacterial cells can penetrate the veneer wood pores up to a thickness 

of 2.3 mm, as shown in Figure 3(a). Using the ImageJ software, the diameter of the wood pore structure is 

about 0.12 - 0.35 mm. The diameter of an Acetobacter xylinum is smaller than the size of wood pores, so 

penetration can occur. These bacteria have a width of 0.5 - 1 µm and a length of 2 - 10 µm, while the 

bacteria make cellulose fibers 30 - 80 nm in width. Natural fiber, which is hydrophilic and rough, is optimal 

for plant growth including Acetobacter xylinum [19]. Wherever the wood veneer was soaked in culture 

media, the fulfillment of BC happened. BC and veneer fibers interact strongly because cellulose has a great 

connection to each other and other materials with hydroxyl groups [20]. Acetobacter xylinum is an aerobic 
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bacteria that needs oxygen [21]. This explains why BC can fill and cover the wood pores, and it occurs 

more near the veneer surface. The hybrid veneer was impregnated, then placed in an oven at 95 °C for 60 

minutes, covered in aluminum foil. The heating process is carried out to accelerate the hardening of the 

resin. This procedure bonded the resin to the veneer’s fibers and keeps it stable, as shown in Figure 3(b). 

Hot compression acts as linkage for nanocellulose during the densification process in both dry and wet 

conditions. The veneer’s water content is not immediately wasted when the sample is densified by heat for 

60 min. The veneer had a moisture content around 1 and 4 %. After the veneer has dried in the oven for 2 

hours at 70 C, the residual moisture in the veneer can be evaporated. When submerged in water, the veneer 

will recover to 75 - 85 % of its previous size. Then it was recompressed under dried conditions. After heat 

compression treatment, it is expected that the mechanical properties will be better and approach the fixed 

shape  

 

 
(a)   (b) 

Figure 3 Cross-sectional hybrid veneer microscopy (a) BC self-assembled in veneer pores. (b) Green 

coloring pigment showed resin after densification and impregnation. 

 

Table 1 indicates that densified veneer (DV) had a 40.50 % higher tensile strength than natural veneer 

(NV). The veneer modulus of elasticity rose up to 108.60 %. The delignification degraded lignin. As a 

result, it is easy to create veneer that is heavier than natural wood. The mechanical strength of the cellulose 

molecule chain increase with hydrogen bonds density and interaction. Table 1 demonstrates that BC-

reinforced hybrid veneer had higher tensile strength and modulus of elasticity. This indicates that BC acts 

as a reinforcement to enhance the densified veneer’s mechanical properties. BC and natural fiber cellulose 

both have hydroxyl chains. These hydroxyl chains interact strongly with densification. This interaction has 

an impact on increasing the hydrogen bonds formation [22]. The tensile strength of densified veneer-BC 

by fermentation for 5 days (DVB-5) was the highest. When compared to natural veneer, tensile strength 

increases by up to 81.38 % and modulus of elasticity increases by up to 156.63 %. At 6, 7, and 8 days of 

fermentation, there was a small decrease in the mechanical strength. 

 

 

Table 1 Physical and mechanical properties of hybrid veneer. 

 

Sample Density (g/cm3) Tensile Strength (MPa) Modulus Elasticity (MPa) 

NV 0.62 78.92 ± 14.31 5741.24 ± 575.88 

DV 1.00 110.89 ± 20.50 11976.59 ± 885.84 

DVB-5 1.18 143.15 ± 49.55 14733.97 ± 1666.49 

DVB-6 1.18 138.78 ± 39.11 14203.52 ± 709.96 

DVB-7 1.19 131.39 ± 27.53 14660.00 ± 1019.07 

DVB-8 1.23 124.07 ± 49.29 12477.96 ± 720.20 

DV-S 1.17 129.38 ± 25.78 10757.11 ± 1290.83 

DVB-5-S 1.20 154.63 ± 54.92 10935.34 ± 975.71 

DVB-6-S 1.20 162.18 ± 34.46 11479.73 ± 717.16 

DVB-7-S 1.22 163.85 ± 30.04 11176.88 ± 675.41 

DVB-8-S 1.21 128.97 ± 16.05 10979.93 ± 1222.98 
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Table 1 shows that densified veneer-stabilized (DV-S) has a higher density with an increase in tensile 

strength of about 16.67 % when compared to densified veneer (DV). However, the modulus of elasticity of 

the veneers decreased by about -10.18 %. The low-molecular weight resin in the cell wall worked as a 

plasticizer and softened the cell wall, lowering its elastic modulus [23]. Table 1 shows the tensile strength 

increases in densified veneer-BC-stabilized (DVB-S). This indicates that BC was able to absorb resin and 

also act as a reinforcement to increase the mechanical strength. BC on natural fibers enhanced their surface 

bonding with polymer adhesives [9]. The tensile strength of densified veneer-BC-stabilized by fermentation 

for 7 days (DVB-7-S) was the highest. When compared to densified veneer (DV), tensile strength increases 

by up to 47.76 %, but the modulus of elasticity decreases by about -6.68 %. A small decrease in tensile 

strength occurred in the 8-day fermentation period. This is due to the abundance of BC, which makes the 

veneer more easily attracted to water and moisture. The adsorbed water acts as a plasticizer, which disrupts 

the hydrogen bonds between molecules and affects the mechanical strength [24]. 

Figure 4 illustrates the relation between temperature and storage modulus and the responses of the 

densified veneer-stabilized (DV-S) and densified veneer-BC-stabilized (DVB-S). Because of the increased 

chain mobility of the wall’s polymeric component, all samples’ storage modulus decrease with the heating 

temperature. Meanwhile, the densified veneer-BC-stabilized (DVB-S) had greater initial storage modulus 

than the densified veneer-stabilized (DV-S). The densified veneer-BC-stabilized by fermentation for 7 days 

(DVB-7-S) had the highest storage modulus. Every DVB-S has the same response level and storage 

modulus as the preceding layer, including tensile strength. BC has strong hydrogen bonds and is more 

crystalline. The crystalline area worked as a physical cross-linker similar to a filler particle to raise the 

storage modulus. This showed that BC was important for improving and keeping the storage modulus in 

veneer as the heating temperature increased. 

 

 
Figure 4 Effect of temperature to storage modulus. 

 

Figure 5 represents the influence of temperature and tan δ on damping behavior for all veneers. As 

heating temperatures rises, the absorb energy reduced. DV-S has a lower damping capability, while DVB-

S has a higher damping capability and is stable up to 150 C. If we look closely, the damping factor of all 

DVB-S has the same value for characteristics below 115 . After reaching 115 C, the damping response 

of each treatment changed. The DVB-7S seems to be the outlier, having the lowest damping factor above 

115 C. All veneer samples subjected to DMA were identified as polymeric, glassy behavior happened at 

25 to 60 C and a glass transition happened at 60 - 150 C. The DMA test on wood and composite veneer 

was compatible with this temperature range [25]. 
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Figure 5 Effect of temperature and tan δ. 

 

Platinum teak veneer is a fast-growing plant species and bacterial cellulose made from nutrients that 

derived from old coconut water. Both of them are plentiful, inexpensive, and renewable resources. 

However, further research is required to reduce energy consumption in the delignification and heat 

compression procedures from an economic perspective. For larger-scale manufacturing, effective and 

efficient machine design is also essential. 

 

Conclusions 

Wood veneer and bacterial cellulose (BC) densified by a heating press produce hybrid veneers with 

increased mechanical strength. The mechanical strength also increases after the hybrid veneer is stabilized 

by resin impregnation. This method increases the tensile strength by up to 47.76 % when compared to 

densified veneer without resin stabilization. However, the modulus of elasticity decreased to −6.68 %. The 

best results came from seven-day fermentation of assembly BC on media culture, which made the veneer 

stronger and more stable. Based on DMA result, it can be said that the densified veneer reinforced with BC 

and stabilized with resin has a good ability to store cyclic energy, and the damping factor increases as the 

temperature rises. 
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