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Abstract 

Adhesives play an essential role in the wood industry. The performance of existing 

wood joints is highly dependent on the performance of the wood species, geometry 

type, and type of adhesive. Polyvinyl acetate (PVAc) and polyurathene (PUR) are 

predominantly used in furniture as well as structural applications. In this study, two 

types of adhesive (PVAc and 1C-PUR) were used in wood joints (dowel, finger, 

dovetail, and lap joints). The joint performance improvement was investigated by 

adding nanocellulose. Nanocellulose (cellulose nanofiber and cellulose 

nanocrystals) is of natural origin and possesses remarkable mechanical properties. 

However, dispersion on nanocellulose in adhesive, especially in PUR, has been 

a challenging. To overcome this difficulty, chemical modification (acetylation) of 

nanocelluose was also attempted. The performance of the nanocelluose reinforced 

adhesives (PVAc and PUR) was assessed  with a lap shear test. A study with a 

scanning electron microscope (SEM) was carried out to assess the bondline. The 

effect of cyclic moisture (8-19%) exposure on the performance of the nanocellulose 

reinforced adhesive bond was also assessed.  The optimum value of elastic stiffness 

and shear strength was obtained with the addition of 1% nanocellulose. The 

resulting mechanical properties of lap shear joints were investigated and the 

difference between the pure adhesive and nanocellulose reinforced adhesive were 

discussed. 

Keywords: Wood joints, Nanocellulose, Polyvinyl acetate (PVAc), Polyurethane 

(1C-PUR), Mechanical characteristics 

 

 



  

 

Hypothesis and Objectives 

Goal 

The main goal of this study is to assess what types of wood species, adhesive and joint 

geometry affects the elastic stiffness of glued wood joints. The elastic stiffness of wood 

joints and resistence against moisture changes could be further improved by adding 

cellulose nanofiber (CNF) and cellulose nanocrystals (CNC) to the wood adhesive (PVAc 

and PUR).  

Hypothesis 

• The elastic stiffness of glued wood joints could be affected by reinforced 

adhesive. 

• Adding cellulose nanofiber (CNF) and cellulose nanocrystals (CNC) to the wood 

adhesive (PVAc and PUR) could improve the elastic stiffness of joints. 

Objectives 

• Determining the effect of joint geometry and adhesive type on the performance of 

joint (Finger, Dowel, and Dovetail). 

• Determining the effect of nanocellulose reinforced adhesive (PVAc and 1C-PUR) 

on the bond performance (lap joint). 

• Determining the effect of moisture cycling conditioning on the properties of 

nanocellulose reinforced adhesive bonded joints (lap joint). 
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1 Introduction and overview 

1.1 Wood joints 

Woodworking offers a multitude of opportunities to create a joint. Whenever 

material intersects, a joint must be made. Several joinery techniques and technologies 

have been developed. Wood joints are the most important components in furniture 

creation, because they are a critical part and the primary cause of failure. 

The  designer needs to design the product in such a way so that it performs the best 

in service. In order for a functional design, it is important to understand loads acting 

on the structure and the stress acting on the joints. Wooden furniture is held together 

by joints. Different types of joints are unique in their construction, and it is important 

to know their mechanical properties when subjected to various stresses, namely 

shear, compression, and tension. The characteristics of wood joints, such as stiffness, 

strength, flexibility, toughness, and appearance, are derived from the properties of 

the joining material and how they are used in the wood joints. Therefore, different 

joinery techniques are used to meet these requirements. Some traditional wood-

working joints are the dowel, finger, dovetail, mortise and tenon and butt joints. 

Proulx (1996) stated that the strength and durability of furniture depends on the 

structural integrity of its joinery. Several factors are responsible for the strength of 

joints, such as their geometry, properties of the wood species, and type of adhesive. 

Boadu and Antwi-Boasiako (2017) found that the geometry of dovetail joints 

improved their grain-to-grain connection in furniture products, making these 

products more resistant to bending force and warping than mortise and tenon joints. 

They also studied chairs produced with mortise-tenon and dovetail joints, which had 

longer wider and thicker tails and tenon were stronger than those manufactured with 

shorter, narrower, and thinner tails and tenons. Jokerst (1981) shows that finger joint 

geometry largely dictates the potential strength of a joint. Geometric parameters of 

joints include finger length, finger pitch, tip thickness, and slope. All these 

parameters are related to each other, so changing one parameter will change all the 

others. This interdependency between joint parameters complicates research of the 

effect of a single parameter on joint strength (Jokerst 1981). Another common type 

of structural joint is the dowel joint (Segovia and Pizzi 2012; Tas et al., 2014). This 

joint type has a great advantage in terms of economy and the ratio of production 

difficulty to the resulting joint properties. Today there is a wide range of dowels 
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themselves, varying in diameter, length, and surface treatment (Nutsch et al. 2006), 

which can be defined by several different characteristics (Eckelman et al., 2002), of 

which the elastic stiffness of the joint is very important. In the construction of chairs, 

joints are highly resistive to bending under compressive and tensile forces 

(Smardzewski 2015 b). For better resistance under bending stress, dovetail joints 

could offer an alternative to mortise and tenon joints (Zhang and Eckelman 1993, 

Hoadley 2000). Asomani 2009 found that dovtetail joints were 70% stronger than 

mortise and tenon joints in chair legs and rails. Su and Wang 2007 also observed that 

the strength of dovetail joints is greater than mortise-tenon and dowel joints. The 

stiffness of the furniture depends on the rigidity of the furniture joints, and it is one 

of the most important criteria for high-quality furniture (Eckelman and Kwiatkowski 

1978, Eckelman and Rabiej 1985, Kotaś et al. 1957, Kotaś 1957, Ganowicz et al., 

1978,). Considerable research has been conducted on the influence of each geometric 

parameter on joint strength. Therefore, the development of a suitable and correct 

design of furniture construction requires carrying out appropriate strength which is 

very important for the industry. Based on this, it is possible to design a piece of 

furniture that is characterised by strong  joinery and that meets all the aesthetic and 

functional requirements. Even though a universally accepted design formula that 

calculates the joint strength has not been developed, some useful studies have been 

conducted. Joints are mostly tested by experimental and numerical methods. 

Experimental testing has been extensively reported to assess the mechanical 

properties of wood joints. While the experimental method is a precise method of 

assessing the mechanical behavior of joints, numerical simulations provide an 

opportunity to assess the distribution of stresses in the joints. It also provides 

information about the post elastic behaviour, which is most important to reduce 

damage in the experiment and optimise the furniture design. (Chuan et al. 2008, 

Ceccotti 2010). For a long time, the Finite Element Method (FEM) has been popular 

among scholars for calculating the mechanical properties of wood joints, such as 

elastic stiffness and strength. The elastic stiffness of joints is influenced by several 

factors, such as the type of load, joint thickness, type of adhesive, and the type of 

bonded wood or composite material. Adhesive bonding of solid wood, wood 

particles for various shapes and sizes, and wood fibres, is necessary in the production 

of modern wood products, whether they are used in construction, furniture, or in 

other applications. 
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1.2 Wood species 

The anatomical properties of wood used in furniture construction are also equally 

important. Kiaei and Samariha (2011) noted the anatomical, physical, and 

mechanical properties of timber are the main source of the strength performance of 

wood in joints. The wood species is an important factor in the strength and stiffness 

of wood joints. It is therefore important to test different wood species to see if there 

is any variance between these species in their ability to form a strong furniture joint. 

This information was presented by the USDA Wood Handbook (2010) about the 

detailed differences between various wood species. There are two broad classes of 

wood species: hardwood and softwood. The generalisation of the categories is based 

on the cellular structure of the wood itself. The cellular structure of a particular 

species of wood influences the overall strength of the joints. It is important for 

furniture producers to have a better understanding of these properties to be able to 

select the right kind of timber for joint construction. The influence of mechanical 

properties of wood on joint strength has been extensively studied. For example, 

Haviarova et al., (2013) found that the difference in shear strength and modulus of 

elasticity in timber is partially responsible for variations in the strength of joints 

produced.  

Mechanical fasteners are not sufficient for the production of modern wood products 

with varying shapes and sizes of wood joints. Adhesive bonding of solid wood, wood 

particles of varying shapes and sizes and wood fibre is therefore necessary to produce 

modern wood products, whether they are used for construction, furniture, or in other 

applications.  

1.3 Wood adhesive 

Adhesive bonding technology has been studied for many years, and it played an 

essential role in the development and growth of timber structures involving adhesive 

joints instead of mechanical joints. The widespread use of adhesive bonding can be 

attributed to its inherent advantages, such as the fact that the use of an adhesive joint 

can distribute the applied load over the entire bonded area and create more uniform 

distribution of stress. Adhesive adds very little weight to the joint structure, it has 

superior fatigue resistance compared to other joining methods, it is suitable for 

joining of dissimilar material, and it can reduce manufacturing costs. In the 
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rehabilitation and repair of wood structures, the adhesive has proven to be efficiently 

and economically competitive when compared with alternative repair procedures. 

Adhesive bonding of wood components has played an essential role in the 

development and growth of the forest product industry.  

1.3.1 Polyvinyl acetate adhesive (PVAc) 

Polyvinyl acetate (PVAc) is a clear, water-white, thermoplastic synthetic resin, produced 

from its monomer by emulsion polymerization. PVAc adhesive is suitable for wood, 

paper and plastics, and it is also used as a general building adhesive. PVAc adhesive has 

long been used in wood bonding and furniture construction. These adhesives, easily set 

at room temperature, are cost-effective and easy to use. These waterborne adhesives set 

as the water is absorbed into the wood, leading to their wide use in manufacturing and 

construction operations involving wood. PVAc is a linear polymer with an aliphatic 

backbone; this makes it a very flexible adhesive as opposed to the rigid nature of 

copolymers, normally used as a wood adhesive. PVAc sets through evaporation and 

diffusion of water into the substrate, and also by polymerisation of polymer particles as 

the water evaporates. PVAc is applied easily through different methods, such as 

brushing, flowing, spraying, roll coating, knife coating or silk screening (Ebnesajjad 

2008, Pizzi 2005).  The main advantages of PVAc are its easy and wide application, 

resistance to aging, elasticity, low cost, and availability, and non-toxicity. Özçifçi and 

Yapici, 2008 determined that the adhesion strength of beech and pine wood bonded with 

PVAc adhesive along the tangential direction is stronger than along the radial direction. 

Burdurlu et al., (2006) achieved similar results with Calabrian pine wood bonded with 

PVAc and PUR (polyurethane) adhesives, recommending that the bonding process on 

tangential surfaces be performed with higher pressure. On the other side, there are some 

disadvantages, such as low resistance to weather and moisture, poor resistance to most 

solvents, slow curing and setting speed, and creeping under substantial load.  
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1.3.2 Polyurethane adhesive (PUR) 

For several decades, one-component polyurethane (1 C-PUR) has been used rapidly and 

successfully in the wood industry. One-component polyurethane (1C-PUR) has been 

used in the field of engineered wood gluing for the last two decades, as it offers several 

advantages, including fast curing at room temperature, an invisible glue line, no 

formaldehyde, and no mixing during the processing time (Kägi et al., 2006).  Many 

researchers have found that 1C-PUR adhesives are capable of reaching high bond 

strength in glued wood structures, and they show comparatively ductile behaviour under 

load (Pizzi and Mittal 2003; Kägi et al., 2006; Brandmair et al., 2012). Müller et al., 

(2009) studied the fracture energy of adhesive bonding, finding that the higher ductility 

of 1C-PUR results in significantly enhanced failure load in certain load situations. 

Kläusler et al., 2013 investigated the effect of moisture conditions on stress and strain 

behaviour of 1C-PUR, PRF and MUF adhesives; they discovered the ductility of the 

tested 1C-PUR polymers in several climate stages in contrast to the brittleness of MUF 

and PRF adhesive. The fracture strain of MRF and MUF specimens was below 5%, 

whereas it reached at least 20% in 1C-PUR adhesives.  

1.4 Technical properties of wood adhesive  

It is very important to study the use of wood adhesive and its technical properties. 

Figure 1 Polyvinyl acetate is made by the self-polymerisation of vinyl acetate, usually under 

free radical conditions. The chains can be altered by adding ethylene to form a copolymer 

(Rowell 2013). 

https://link.springer.com/article/10.1007/s00107-014-0875-8#ref-CR26
https://link.springer.com/article/10.1007/s00107-014-0875-8#ref-CR39
https://link.springer.com/article/10.1007/s00107-014-0875-8#ref-CR26
https://link.springer.com/article/10.1007/s00107-014-0875-8#ref-CR6
https://link.springer.com/article/10.1007/s00107-014-0875-8#ref-CR34
https://www.researchgate.net/scientific-contributions/Oliver-Klaeusler-2007441918?_sg%5B0%5D=oWo_Kv-4AhqiomzSzQDcTmrSr2axNRbM0u_JDEZ_f_Pxw6THVYpTiPP8-hT1YYqehb29ej8.Kd6DXmRG51JyDMHNLlX2cE3-lQG8XsMJ5zFmJqvL6JzxLS4DQ3lTxtcN4ZdeKSRSH61SEeOBGwe6LAh26OH8-Q&_sg%5B1%5D=t3o_8-s_mm4GY2mq6pJnhb25y_Rod4UcSIcimk3wvSX2iEiaYWfYDcFyiIM4RSNkfWUENSw.RNnyyxklg5hMPZMCxaevVGpsmNuq3buzvZqHRKw_QnpI0_1Cd8IWXaLNgmc0umejOjnKxQlyletFYfmpEIqi9w
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These properties were discussed below. 

1.4.1 Bonding and science of adhesion 

Adhesive increases the strength and stiffness of wood-based materials. The adhesion 

of the glue depends on the wood-adhesive bonding chain. The degrees of penetration 

of adhesive into the porous network of interconnected cells define the bonding 

perfomance of adhesive between two wood elements. To see the bonding 

performance, many studies have been conducted through microscopic examination 

and associated techniques to establish a relationship with the bond performance. 

Adhesive bonding problems and designing new adhesive systems and processes may 

be facilitated by understanding the fundamentals of adhesive penetration (Kamke 

and Lee 2007). The interphase region is an uneven layer. The geometry of the 

interphase is assumed to affect the bond performance.  

Adhesive bonding joints must transfer stress from component to component through 

the interphase region. The structural interphase and its volume and shape dedicate 

the magnitude of stress concentration and ultimately have a significant impact on the 

performance of the bond.  

 

   

 

 

 

 

 

 

 

 

1.4.2 Wood adhesive penetration 

Figure 2 Example of an epi-fluorescence microphotograph with the penetration of UF 

resin into poplar at three different pressures applied during the press cycle: 0.5 N/mm2 , 1 

N/mm2 , and 1.5 N/mm2 for radial and tangential penetration (Gavrilović-Grmuša et al 

2016) 
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Researchers have studied the penetration of wood adhesives. The penetration of 

adhesive into wood can be categorised into two groups: 

1. Gross penetration 

2. Cell wall penetration  

In gross penetration, the liquid resin flows into the porous structure of wood, mostly 

filling cell lumens. Hydrodynamic flow and capillary action could be explained 

as  gross penetration. Cell wall penetration occurs when resin diffuses into the cell 

wall or flows into the micro-fissures. In wood, the least resistance to the 

hydrodynamic flow is in the longitudinal direction, following through the lumens in 

the long and slender tracheid of softwood, or through the vessels of hardwoods. Since 

vessels are connected end-to-end with perforation plates and there is no pit 

membrane, the cell type dominates the penetration of adhesive in hardwoods. With 

an optical microscope, resin has been observed in pit chambers of both hardwood 

and softwood species, and in cell lumens in which the only entry pathway for the 

resin was through the pit. Adhesive penetration influences link 4 through 7. All of 

the potential adhesion mechanisms are influenced by the penetration. The concept of 

mechanical interlocking depends on the penetration of the adhesive phase beyond 

the external wood surface. In addition, the combined adhesion force due to covalent 

bonding and the formation of secondary chemical bonds is directly related to the area 

of surface in contact between the adhesive and cell wall.  

A chain link analogy for an adhesive bond is shown in Fig. 3; we can see that the 

bond is only as good as the weakest link in the chain. Adhesive penetration plays 

a vital role in the analogy. Link 1 is the pure adhesive phase, unaffected by the 

substrates. Links 2 and 3 represent the adhesive boundary layer that may have cured 

under the influence of the substrates and is no longer homogeneous. Links 4 and 5 

represent the interface between the boundary layer and the substrate and constitute 

the adhesion mechanism. The mechanism may be mechanical interlocking, covalent 

bonding, or secondary chemical bonds due to electrostatic forces. Links 6 and 7 

represent wood cells that have been modified by the process of preparing the wood 

surface or the bonding process itself. Links 8 to 9 reperesent unmodified wood, 

which would have a lower limit of structure integrity, making it the weakest link.  
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1.4.3 Adhesion and cohesion  

Adhesion is the tendency of dissimilar surfaces to bond to one another. The internal 

forces between the molecules that are responsible for adhesion are chemical bonding, 

dispersive bonding and diffusive bonding. These interamolecular forces can make 

cumulative bonding and bring certain emergent mechanical effects. 

Cohesion means sticking or staying together. Cohesive force is the tendency of 

similar molecules to stick together. They attract mutually. Cohesive forces are caused 

by the shape and structure of the molecules, which makes the distribution of orbiting 

electrons irregular when molecules get close to one another. The chain link analogy 

for adhesion and cohesion is shown in Fig. 4. The adhesive and cohesive definition 

refers to the forces that keep the adhesive and the substrate (adhesion) and the 

adhesive itself (cohesion) together. As wood is increasingly used in furniture and 

engineered wood products worldwide, concerns about the integrity of the wood and 

adhesive used are rising. The bondline is a crucial issue for wood product application, 

especially in different moisture conditions. The properties of wood products are 

affected by many factors, including the quality of wood adhesives and the bonding 

process, wetting of the substrate surface, heat and pressure on the bond line, and 

drying time (Frihart 2013). The aim is to obtain higher functional strength. Fibre 

fillers are used in adhesives, improving surface wetting, bond rigidity, and more. 

Chawla 1998 shows that materials are stronger and stiffer in fibrous form. Many 

reinforcing fibres, such as glass and carbon fibres, polymer fibre and inorganic 

nanoparticles have been studied as additives for modifying wood adhesives, but their 

use introduces some environmental and sustainability issues to otherwise green 

materials (Singha and Thakur 2008). 

 

 

Figure 3: Chain link analogy for an adhesive bond in wood (Onur Ülker 

2016) 
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1.5 Nanocellulose 

Nanocellulose (CNF and CNC) as a renewable material has gained attention as potential 

reinforcement for adhesives, but its practical application remains scarce. Many 

researchers have investigated nanocellulose applications in polymer and composites, but 

a few related to adhesive for wood bonding. Recent studies have focused on the 

reinforcement of urea formaldehyde (UF), melamine formaldehyde (MF), phenol 

formaldehyde (PF) and polyvinyl acetate adhesive (PVAc) with the addition of 

nanocellulose. Property of nanocellulose to act as both binders and structural 

reinforcement in various adhesive system adds its potential, beside by reducing the 

harmful emission of formaldehyde, it also can improve the mechanical properties and 

enhance the performance of adhesive (Vineeth et al., 2019).    

1.5.1 Nanocellulose reinforced PVAc and PUR adhesive: 

The wood industry is under pressure to eliminate formaldehyde from its products. PVAc 

is a good adhesive to replace some wood adhesives containing formaldehyde. The main 

drawback of PVAc adhesive is its limitation to be used in humid conditions and at 

elevated temperatures. So far, some approaches been used to increase the performance 

of PVAc adhesive; firstly, copolymerization of vinyl acetate with more hydrophobic 

monomers (Zhou 1991), and the blending of PVAc with adhesive or hardeners (Lu 

1996). These strategies can increase some properties of PVAc adhesive at the expense 

of reducing some other properties. However, some additives are so acidic that they can 

damage the wood surface, which can affect the overall performance of wood joints. The 

introduction of nanotechnology has opened new opportunities for the industry to develop 

a new generation of composites with high performance. In the past, research showed that 

nano-aluminum and nano- clay can be used to improve the performance of wood 

Figure 4 Chain link of adhesion and cohesion (Onur Ülker 2016) 
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adhesive, but there has been some concern related to the health risk posed by nano-clay 

and nano-oxide particles. Therefore, eco-friendly nano-materials (nanocellulose) 

introduce, which has high strength and stiffness property. Among the several 

opportunities which offered by the nanotechnology for the forst based product industry, 

the reinforcement of adhesive with nanocellulose has been already potential opportunity, 

which has been explored (Cai and Niska 2012).   López-Suevos et al., (2010) used CNF 

(cellulose nanofiber) with the addition of acid and sodium hydroxide to reinforce PVAc-

latex adhesive; the results showed excellent heat resistant properties of the produced 

panels. Chaabouni and Boufi (2017) investigated the influence of the addition of CNF 

to PVAc adhesive with 10 wt% content and observed a significant benefit in shear 

strength and water resistance performance. Considering the strong reinforcing potential 

of CNF when incorporating the polymer matrix, the matrix of CNF and PVAc adhesive 

might contribute to imporving the performance of wood joints bonded with PVAc in 

humid conditions at elevated temperature. The use of nanocellulose gel as reinforcement 

of PVAc adhesive should be easy to process and the simple mixing route. To the best of 

our knowledge, only one reported work by López-Suevos et al. (2010) has been 

subjected to the application of CNF for PVAc wood adhesive reinforcement. A study 

conducted by Jiang et al., 2018 where the commercial polyvinyl acetate and starch 

adhesives mixed with dicarboxylic acid cellulose nanofiber (CNF), by adding the 

optimum amount of CNF , the lap joint strength increased up to 74.5%.  

Kaboorani et al., 2012 used NCC (nanocrystaline cellulose) in the wood adhesive 

to improve the performance of polyvinyl acetate adhesive. This study was conducted 

with the addition of NCC to polyvinyl acetate at different loads (1%, 2%, and 3%) and 

the use of blends as a wood binder. The block shear test shows that NCC can improve 

the bonding strength of polyvinyl acetate.. The thermal stability, hardness, modulus of 

elasticity, and creep of polyvinyl acetate film were also enhanced by the addition of 

NCC. Cellulose nanocrystal (CNC) is used as a reinforcing filler in different polymers, 

and its special physicochemical properties, good mechanical properties, renewability and 

biodegradability have drawn attention to it (Girouard et al., 2016, Lei et al., 2019). The 

high crystallinity in CNC gives it good thermostability, because the presence of 

interchain hydrogen bonds at high temperatures cannot easily break the crystalline region 

and are difficult for cellulose to melt (Ng et al., 2015, Tonoli et al., 2012). Polyurethane 

demonstrated the typical behaviour of an elastomer material with high flexibility and 

deformation. The addition of nanocellulose with ceratin content and conditions 

https://www.sciencedirect.com/science/article/pii/S0956053X19303770#b0055
https://www.sciencedirect.com/science/article/pii/S0956053X19303770#b0115
https://www.sciencedirect.com/science/article/pii/S0956053X19303770#b0155
https://www.sciencedirect.com/science/article/pii/S0956053X19303770#b0200
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substantially affected the mechanical properties of polyurethane adhesive (Pei et al., 

2011). The highest value of tensile strength resulted is 5 time more deformation with a 

10 wt% load of CNF, which increased from 6.5 MPa for neat polyurethane to 10.5 MPa 

(Ivdre et al., 2016). The reinforcement effect of nanocellulose in whisker form, the 

modulus of PUR increased by 253% with the addition of 4 wt% filler. The young 

modulus and shear strength increased of the composites, while strain at break decreased 

by increasing the content of nanocellulose in the form of fibres and crystals. The 

improvement in shear strength is indicative of strong interfacial bonding between the 

composites, while the reduction in tensile strain is attributed to the restricted polymer 

segments causing the formation of rigid nanocellulose (Aranguren et al., 2013, Wu et 

al., 2007). When comparing the increase in tensile properties between nanocellulose 

fibres and whiskers, we found a more noticeable in nanocomposites with CNF than with 

CNC (Azeredo et al., 2010, Floros et al., 2012). This is due to the formation of an 

interconnected nanocellulose network with increasing filler content. For cellulose 

nanofibre, the formation of the network is assisted by its flexibility, resulting from the 

high aspect ratio and the presence of amorphous domains along the nanofibres. The 

stronger interaction between CNF and polyurethane as hosting polymers restricts the 

motion of polymeric chains, resulting in greater young’s modulus and shear strength 

(Auad et al., 2010). CNC has received significant attention for how it improves the 

thermal properties of PUR adhesive due to its high thermal stability. Dou et al., 

(2014) found CNC improved temperature at 5 % weight loss of polyurethane from 326.6 

to 333.9 °C. Therefore, nanocellulose (CNF and CNC) is an abundant natural green 

material. Depending on the type of nanocellulose reinforced, modification of its structure 

and compatibility between polymer matrix, enhance the properties of an adhesive by 

addition of a small amount of nanocellulose. 

However, synthetic adhesives are currently widely used in the wood industry. 

Fibre reinforcement has the potential to reliably improve the mechanical properties of 

adheisve needed in the joints. Nanocellulose therefore has many advantages for this 

application: it is renewable, biodegradeable, it has low density, it has good mechanical 

properties, and it is non-toxic.  

  

 

https://www.sciencedirect.com/science/article/pii/S0956053X19303770#b0040
https://www.sciencedirect.com/science/article/pii/S0956053X19303770#b0040
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2 Material and methodology  

This chapter discusses material information, the preparation of nanocellulose reinforced 

adhesive, and the preparation of wood joints (dowel, finger, dovetail, and lap shear joint). 

Nanocellulose reinforced material characterisation for surface morphology, chemical 

properties, and thermal properties with an FTIR, DSC, and SEM analysis are also 

discussed.  

2.1 Material 

Defect-free beech (Fagus sylvatica) and spruce (Picea abies L) wood was used for the 

test specimens. The specimens for the mechanical testing were made from dried lumber 

with wood working machines at a vocational school in Spišská Nová Ves (Slovakia) 

and the Czech University of Life Sciences. Four types of wood joints were prepared 

(dowel, finger, dovetail, and lap). For dowel joints, two types of joint geometries were 

used with diameters of 8 mm and 12 mm and a length of 50 mm. For finger joints, the 

planks were first machined into specimens with a 58 mm × 20 mm cross section. The 

planks were subsequently shortened to 215 mm. The basic dimensions of the test 

specimens were 58 mm × 20 mm × 215 mm.  Two types of geometries (2 teeth and 5 

teeth) were used with straight fingers machined by a planner. Dovetail joint specimens 

were prepared with dimensions of 214 × 60 × 24 mm (L × W × H). Wood lamellas 

were prepared for the lap shear test using the standard procedure. The individual 

lamellas were cut in dimensions of 150 × 35 × 5 mm (L × W × H). The average density 

for beech wood was 0.725 g/cm3, and 0.450 g/cm3 for spruce wood. All specimens 

were conditioned at a temperature of 20 ± 2 °C and RH of 65 ± 3% to an equilibrium 

moisture content of 12%. The effect of moisture cycling on the strength of glued lap 

shear joints was studied by subjecting the samples to the moisture cycles at a constant 

temperature of 30 ± 2 °C. The conditioned samples with 12% moisture content were 

first exposed to 30 ± 2 °C and 43 ± 2 RH to arrive at 8% EMC, followed by exposure 

to 30 ± 2 °C and 86 ± 2 RH to reach 19% EMC. Then the samples were brought down 

to 8% EMC again by exposing them to 30 ± 2 °C and 43 ± 2 RH, and finally 

conditioned back to 12% moisture content by exposing them to 20 ± 2 °C and 65 ± 3% 

RH. Only one moisture cycle was performed in this study. The configurations of the 

test specimen are shown in Fig. 5. 
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2.2 Specification of adhesive used for gluing 

 

Polyvinyl acetate adhesive (PVAc) AG-COLL 8761 / L D3 and polyurethane adhesive 

(PUR) were used for the test samples. The technical specification of both adhesives is 

shown in Table 1. The adhesive was applied manually with a roller on both the wood 

surfaces, with a range of 150 - 180 g/m2 for PVAc and 180 -250 g/m2 for PUR adhesive.  

Table 1: Technical parameters of PVAc AG-COLL 8761 / L D3 and PUR (1C - AkzoNobel 

2010) adhesive 

Technical parameters for AG-COLL 8761 / L D3 adhesives 

Viscosity (mPas) 5000-7000 (at 23 ° C) 

Working time (min) 15-20 

Density (g / cm3) 0.9-1.1 (at 23 ° C) 

Open time (min) 15 

Dry matter content (g) 49–51 

pH to 4.5 

Shear strength according to EN 205 (MPa) 11.9 

Technical parameters for PUR adhesive (1C – AkzoNobel 2010) 

Viscosity (mPas) 6000 – 19000  

Working time (min) 15-20 

Density (g / cm3) 1.16 

Open time (min) 90 

 

2.2 Specification of nanocellulose and chemical material 

Cellulose nanocrystals (CNC) NCV100-NASD90 used as a reinforcing material were 

purchased from Celluforce, Windsor, Canada. Cellulose nanofibre (CNF) was supplied 

by the University of Maine, Orono, Maine, USA. The CNC was prepared by sulfuric 

A) B) C) D) 

Figure 5  Sechamtic diagram of a (A) dowel joint with 8 mm dia and 12 mm dia; (B) Finger joint 

with 5 teeth and 2 teeth; (C) Dovetail Joint; (D) Shear lap joint 
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acid hydrolysis, and CNF was produced through high pressure grinding. The produced 

CNC and CNF were in dry powder form. The width and length of the CNC are 20 ± 5 

nm and 150 ± 39 nm; the dimensions of the CNFs are 20 ± 14 nm and 1030 ± 334 nm, 

respectively. Acetic acid (CH3COOH), acetone (C3H6O), and acetic anhydride 

(C4H6O3) were purchased from Lach - Ner (Neratovice, Czech Republic). Potassium 

acetate (Reagent Plus ≥99%) used as a catalyst was purchasd from Sigma-Aldrich. 

2.3 Modification of nanocellulose 

Nanocellulose was modified based on the acetylation method. Cellulose nanofibre 

(CNF) dry powder with a weight of 0.25 g was dissolved in 10 ml acetic acid 

(CH3COOH) at room temperature by using sonication (SONOPLUS HD 3100, Berlin, 

Germany) for 15 min. To remove the acetic acid (CH3COOH) from the CNF, a 

suspension centrifuge process was performed at a speed of 15000 rpm for 15 min. CNF 

suspension inside of the centrifuge tube can be seen in two separated layers; one is 

acetic acid, and the second layer is CNF. Excess acetic acid was decanted, and the 

resulting CNF was washed with acetone. The obtained CNF was further subjected to 

centrifuge (15000 rpm, 15 min) by three folds and decanting, and further diluted with 

distilled water. The obtained CNFs were mixed with 25 ml acetic anhydride with a 5% 

catalyst of postassium acetate (CH3CO2K). The suspension was heated at a temperature 

of 105 °C for 4 hrs with continuous stirring in the soxhlet apparatus. To decant the 

untreated acetic anhydride, the suspension was successfully centrifuged 3 times with 

acetone and finally with distilled water. The obtained CNFs were dried at room 

temperature.  

2.4 Creation of nanocellulose reinforced adhesive 

CNF (cellulose nanofiber) and CNC (cellulose nanocrystal) 0.5w%, 1w%, and 2w% 

were mixed in PVAc (polyvinyl acetate) and PUR (polyurethane) adhesive with a high-

speed homogenizer (T 18 digital ULTRA - TURRAX® IKA-Werke, Staufen, Germany) 

followed by sonication (SONOPLUS HD 3100, Berlin, Germany). One part of 

nanocellulose suspension was added to two parts of PVAc and PUR adhesive mixed 

thoroughly with s high-speed homogenizer followed by sonication.  
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3 Methodology of mechanical testing 

All dowel, finger, and dovetail joint specimens were conditioned and kept at 12% 

moisture content before and during the testing time. The calculation was performed 

according to ISO 13061-1 (2014), and the density of the specimen was evaluated 

pursuant to ISO 13061-2 (2014). A universal testing machine TIRA 50 (TIRA System 

GmbH, Schalkau, Germany) was used to measure the elastic stiffness of corner joints 

by applying a compressive and tensile load. Figure 6 shows the experimental testing 

of corner joints and their mounting in the testing machine.  

 

 

  

 

 

 

 

 

 

 

 

 

A) B) C) 

Figure 6 A) Test sample attached to the UTM (Záborský et al. 2018), B) Geometry of joints under 

compressive load; C) Geometry of joints under tensile load (Kamboj et al. 2020) 

Figure 7 Shear test sample attached to the UTM (Universal testing machine) with 

video extensometer 
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Shear lap joint samples were tested under loading according to EN 205-2003. The test 

specimen was loaded with a video extensometer (INSTRON® 5882, NORWOOD, 

USA) at a constant speed of 5 ± 0.5 mm/min according to the data for the maximum 

force acquired by a computer as shown in Fig. 7. 

3.1 Calculation of results 

The samples were subjected to bending moment under tensile and compressive force 

perpendicaular to the direction of the moment arm. The effect of the individual factors 

and their interaction on the elastic stiffness were ascertained with an analysis of variance 

(ANOVA) and Fischer’s F-Test using STATSTISTICA 14 (Statoft Inc; Oklahoma, 

USA). The elastic stiffness was calculated based on the following equations: 

F- force [N], r1,2 – arm length (distance of force from the axis of rotation) [m], φp- joint 

angle before loading [rad], φd- joint angle after loading [rad], l0- force arm from original 

shape [m], a- arm spacing [m], c- displacement [m] 

 

The angular deformation φ was calculated according to: 

     (1) 

Deformation limit: 

This indicates the maximum angular deformation at the maximum resistance of the joint.  

                                                       (2)                                                             

 

φmax – angular deformation at the ultimate limit [rad] 

 

After the specimens are loaded, a general triangle is formed and its angle φd can be 

expressed with Kosin’s theorem: 

 

                                                       

                                           

               (3) 
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The mathematical modification produces the following formula: 

    (4) 

Results value in the form: 

   (5) 

The shoulder is defined by the side and content of a general traingle: 

      (6) 

 

                                                                                   (7)                                                                

  

The mathematical model produces the following formula: 

     (8) 

The strength properties were examined for the tested structural joints, and the bearing 

capacity was calculated according to the following formulas. The size of the arm or the 

distance between the holes was 195 mm for all the samples. The bending moment was 

calculated using the following formula: 

 

Bearing capacity up to the elastic limit (∆M) 

     (9) 

Where ∆M - bending moment change [N.m], ∆F- force change [N], L0 -hole distance 

[mm] 

∆F is the deviation of the two forces recorded in the stress-strain diagram at values 

between 10% and 40% of the maximum strength. The resistance of the elastic limit of 

the joints was calculated for the elastic area. Calculation of the maximum bearing 

capacity (M): 

    (10) 

M- moment [N × m], Fmax -maximum force [N], L0 -hole distance [mm] 

 

We determined the resistance of the structural joint to the external force with the bearing 

capacity. The bending moment expresses the maximum bearing capacity of the joint. 
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Elastic stiffness ( celast) 

     (11) 

celast - elastic stiffness [Nm/rad], ∆M- bending moment [N.m], ∆φ- angular deformation 

 

maximum stiffness (c) 

      (12) 

celast - elastic stiffness [Nm/rad], Mmax- maximum bending moment [N × m], φmax- 

maximum angular deformation [rad] 

 

Stiffness is indicative of some degree of change induced by the fraction of external force 

during elastic deformation that affects the entire body. 

3.2 Numerical calculation based on the experiment results 

The numerical calculation was performed based on experimental results in dovetail 

joints, which were performed by applying the Abaqus v.6.16 software (Dassault Systems 

Simulia Corp., Waltham, Ma, USA). In general, a linear hexahedron type C3D8R 

element was used  (about 120000 elements and 90000 nodes per model). The behaviour 

of the glue line was modelled with the help of the Cohesive Zone Model (CZM) by 

means of standard COH3D8 cohesive elements shown in table.2. The joint arm was 

described as an orthotropic body ascerbing its material properties as shown in Table.3. 

Figure 8 MODEL_FEM presents a mesh model and orientation of fibres in the local 

coordinate system (X,Y,Z). 

 

 

 

 

 

 

 

Figure 8 Meshing with fibre orientation in a local coordinate system 

(Kamboj et al. 2020) 
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Table 2 Elastic properties of wood (Smardzewski. J 2008) 

Elastic 

Properties/Type 

of wood (MPa) 

Beech *Spruce 

EL(X) 14100 16600 

ER(Z) 2280 1117 

ET(Y) 1160 583 

ν LR(XZ) 0.45 0.42 

ν LT(XY) 0.51 0.51 

ν RT(ZY) 0.75 0.68 

ν TR(YZ) 0.36 0.31 

ν RL(ZX) 0.075 0.038 

ν TL(YX) 0.044 0.015 

GLR(XZ) 1645 1181 

GLT(XY) 1082 693 

GRT(ZY) 471 70 

 

Where E – Modulus of elasticity (MPa), G – Shear modulus (MPa), and ν – Poisson 

ratio in the longitudinal (L-X), radial (R-Y) and tangential (T-Z) direction. 

 

*Note – Because the elastic properties of pine wood were not accessible, the elastic 

properties of spruce wood were used instead for numerical calculation because of their 

comparable properties. 

Table 3 Elastic properties of the glue line (Smardzewski. J. 1998, 2002) 

Glue E (MPa) Poisson ratio 

PVAc 460 0.3 

PUR* 820 0.3 

*Note – Due to the non-availability of elastic properties for the PUR glue line, the 

UF value was used for numerical calculation. 

 

3.3 Scanning electron microscopy 

Wood samples were attached to cylindrical aluminum mounts with silver paint (SPI 

Products, West Chester, Pennsylvania, USA) or double-stick carbon tape (Ted Pella, 

Redding, California, USA). Images were obtained with a MIRA3 LMU (Tescan, a.s., 

Brno, Czech Republic) scanning electron microscope. An accerlerating voltage of 0.8kV 

and a beam current of about 6pA were used for visualisation of the results.  

3.4 Fourier transform infrared spectroscopy 
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Fourier transform infrared spectroscopy studies were performed with an FTIR-ATR 

spectrometer Nicolet (Křelovická, Czech Republic). Before analysis, samples of pure 

adhesive and nanocellulose reinforced adhesive were dried adequately at room 

temperature for two days. The obtained samples were analysed in a transmittance 

range of 4000 - 500 cm-1.  

3.5 Statistical evaluation 

Duncan‘s test, with a significance level of α = 0.05, was chosen to evaluate the results 

and their interactions. Based on the significance level ‘P’, this test determiens 

whether the observed factor is statistically significant. According to the value of P, 

the monitored factor is evaluated. 

• P = 0 - the probability that the factor does not act is zero 

• P <0.05 - the influence of the factor is statistically significant 

• P = 0.05 - the influence of the factor is on the border of statistical significance 

• P> 0.05 - the effect of the factor is not statistically significant 
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4 Synthesis of results 

This chapter presents the summary results of the dissertation published in a 

professional publication during the doctoral study. The PhD dissertation consists of 

five articles: four first-author aricles and one second author article. Two first author 

article and one second author article have been published and two first author articles 

are in the form of manuscript, one is submitted and second in the process of 

submission. The first part of the results focuses on the effect of geometry, wood 

species, adhesive type on the elastic stiffness of corner Finger, Dowel, and Dovetail 

joints (section 4.1). The second part shows the effect of cellulose nanofiber and 

cellulose nanocrystals reinforcement on the strength and stiffness of PVAc and PUR 

adhesive bonded joints (section 4.2).  

The mechanical properties of wood joints are influenced in various ways, such as by 

the joint geometry, wood species and wood adhesive. Appropriate selection of 

geometry, adhesive, and combination with different wood species can allow the 

change in the properties of wood joints, thereby creating wood joints with specific 

desired properties.  

Article no. 1 (Kamboj et al., 2019) shows that the finger joints used to eliminate 

wood defects that would cause the weaken the wood joint strength. This research 

shows that wood species (spruce and beech), adhesive types (PVAc and PUR), and 

the number of teeth (2 and 5) affect the elastic stiffness of finger joints under 

compressive and tensile load. The highest elastic stiffness value was obtained in 

beech wood samples with 5 teeth, which were 30% higher than that of 2 teeth bonded 

with polyvinyl acetate adhesive (PVAc) under tensile load. The study showed that 

elastic stiffness increased with the number of teeth in finger joints.  

Article no. 2 (Záborský et al., 2018) where we concluded that joints are the critical 

structure part of furniture. When designing the furniture it is imporatnt to consider 

the type of joint carefully that can hold the joined elements together under loading 

condition. In this study, elastic stiffness of spruce (Picea abies L.) wood dowel joints 

bonded with polyvinyl acetate (PVAc) and polyurethane adhesive (PUR) were 

investigated. The effects of other selected factors such as loading type (compression 

and tensile), thickness of dowel (1/2 and 1/3) used, and the annual ring deflection 

were examined. The impact of annual ring was not a significant factor. The 

maximum average elastic stiffness was obtained for ½ thickness joints bonded with 

https://www.researchgate.net/profile/Vladimir-Zaborsky?utm_content=businessCard&utm_source=publicationDetail&rgutm_meta1=AC%3A15206240
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PUR adhesive under compressive load and the minimum elastic stiffness was 

reached in the samples with 1/3 thickness joints bonded with PVAc adhesive. The 

average elastic stiffness for PUR bonded joints was approximately twice than 

average value of PVAc bonded joints. The higher glued surface area increases the 

elastic stiffness of wood joints. It is therefore important to carefully consider the type 

of joinery used in furniture design. 

Article no. 3 (Kamboj et al., 2019) gives an overview of the elastic stiffness of spruce 

(Picea abies L.) and beech (Fagus Silvatica) wood dovetail joints bonded with 

polyvinyl acetate (PVAc) and polyurethane (PUR) adhesive by experimental and 

numerical calculations. The mechanical properties were determined according to the 

grain direction loaded under compressive and tensile load. Experimental results are 

indicated that under compression load beech wood joints bonded with polyvinyl 

acetate (PVAc) adhesive had maximum elastic stiffness. Further to predict the 

stiffness of dovetail joints under compressive and tensile load a numerical model 

using finite element method (FEM) was developed based on the experimental results 

by the Abaqus program. A cohesive zone was developed with the help of numerical 

model, which shows stress behavior under compression and tensile load. A positive 

correlation was found between the numerical model and experimental study. 

Experimental results shows that beech wood joints bonded with PVAc adhesive had 

higher elastic stiffness as compared to PUR, on the other side spruce wood joints 

bonded with PUR had higher elastic stiffness than PVAc. The numerical results also 

confirmed the similar results as in experimental for beech and spruce wood joints 

under compression load. However the results are opposite under tensile load. The 

distribution of stress is very important information which can’t be achieved by the 

experimental studies. The numerical model helps to provide the location of stress in 

joints and precisely identified that the stress in compression recorded was higher as 

compared to the tension. 

Article no. 4 (Kamboj et al., 2022 manuscript) demonstrates that the effect of 

cellulose nanofiber (CNF) and cellulose nanocrystals (CNC) reinforced polyvinyl 

acetate (PVAc) adhesive on the elastic stiffness and shear strength of spruce (Picea 

abies L) and beech (Fagus sylvatica) wood joints. This study presents with three 

different concentration (0.5%, 1%, and 2% w/w) of nanocellulose (CNF and CNC) 

reinforced with PVAc adhesive. The reinforced adhesive was used to glue spruce 
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and beech wood joints to determine joint stiffness and shear strength under static 

load. Samples were tested at 12% moisture content and after one moisture cycle 

condition (8-19%). The addition of nanocellulose (CNF and CNC) increased the 

elastic stiffness of joint as well as improve the bond quality. The bond morphology 

was studied by SEM (scanning electron microscope). The addition of nanocellulose 

improved the bond line at 12% moisture content and after moisture cycle exposure 

and thereby improved the mechanical properties. In this study CNF and CNC 

dispersion in PVAc was achieved by premixing nanocellulose with water and 

subsequently, mixing the suspension with PVAc, which caused the dilution of PVAc. 

Despite this, the results are quite encouraging. The optimum elastic stiffness and 

shear strength value were achieved with 1% addition of nanocellulose.  

Article no. 5 (Kamboj et al., 2022 manuscript) shows a comparative study of 

cellulose nanofiber (CNF) and cellulose nanocrystal (CNC) reinforced 1C-PUR 

adhesive bonded spruce and beech wood joints. In this study, nanocellulose 

reinforced  adhesive was  prepared by mixing the modified cellulose nanofiber (CNF) 

and cellulose nanocrystals in 1C-PUR adhesive. The chemical modification of 

cellulose nanofiber (CNF) focused on the compatibilization with PUR adhesive 

matrices to improve the interfacial adhesion. The reinforcement of nanocellulose in 

hydrophobic polymer is difficult, therefore the modification of the nanocellulose 

considered with acetylation method. Three concentration (0.5%, 1%, and 2% w/w) 

of CNF and CNC were considered in this study. The different concentration of CNF 

and CNC affected the tensile properties at 12% moisture content and after moisture 

cycle condition (8-19%) were studied. FTIR (Fourier-transform infrared 

spectroscopy) and DSC (Differential scanning calorimeter) analyses showed the 

molecular interaction between nanocellulose and PUR adhesive. DSC analysis 

shows the glass transition temperature increased for all the nanocomposites 

compared to the PUR adhesive. Among the three concentration (0.5%, 1%, and 2%) 

concentration of nanocellulose (CNF and CNC), 1% addition was found the optimum 

for elastic modulus and shear strength. Further addition of nanocellulose content, 

will lead to a significant drop in elastic modulus and shear strength. SEM (scanning 

electron microscope) analyses shows the morphology of bond line, and nanocellulose 

reinforced adhesive a relative improvement on the bond-line with the good 

dispersion of CNF and CNC in PUR adhesive.  
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4.1 Effect of geometry, wood species, adhesive type on the elastic 

stiffness of corner finger, dowel, and dovetail joints 

4.1.1 Influence of Geometry on the Stiffness of Corner Finger Joints 

 

Published as: 

Kamboj G, Záborský V, Girl T. Influence of geometry on the stiffness of corner finger 

joints. BioResources. 2019 Feb 25;14(2):2946-60.  
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4.1.2 Effect of Selected Factors on Spruce Dowel Joint Stiffness 

Published as:  

Záborský V, Kamboj G, Sikora A, Borůvka V. Effects of selected factors on Spruce 

dowel joint stiffness. BioResources. 2019;14(1):1127-40. 
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4.1.3 Numerical and experimental investigation on the elastic stiffness of glued 

dovetail joints  

Published as: 

Kamboj G, Gaff M, Smardzewski J, Haviarová E, Borůvka V, Sethy AK. Numerical 

and experimental investigation on the elastic stiffness of glued dovetail joints. 

Construction and Building Materials. 2020 Dec 10;263:120613. 
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4.2 Effect of cellulose nanofiber and cellulose nanocrystals 

reinforcement on the strength and stiffness of PVAc and PUR 

adhesive bonded joints 

4.2.1 Effect of Cellulose Nanofiber and Cellulose Nanocrystals Reinforcement on 

the Strength and Stiffness of PVAc bonded Joints 

Submited Manuscript: 

Kamboj G, Gaff M, Smardzewski J, Haviarová E, Hui D, Rezaei F, Sethy A.K. 

(2022).  Effect of Cellulose Nanofiber and Cellulose Nanocrystals Reinforcement on 

the Strength and Stiffness of PVAc Bonded Joints. Composite Structure 
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4.2.2 Incorporating of cellulose nanofiber (CNF) and cellulose nanocrystals 

(CNC) to enhance the strength and stiffness property of polyurethane 

adhesive (1C-PUR) 

 

Manuscript: 

Kamboj G, Gaff M, Smardzewski J, Haviarová E, Hui D, Rousek, R, Das S, Rezaei 

F, Sethy A.K. (2022).  Incorporating of cellulose nanofiber (CNF) and cellulose 

nanocrystals (CNC) to enhance the strength and stiffness property of polyurethane 

adhesive (1C-PUR).  



   

 100 

 



   

 101 

 



   

 102 

 



   

 103 

 



   

 104 

 



   

 105 

 



   

 106 

 



   

 107 

 



   

 108 

 



   

 109 

 



   

 110 

 



   

 111 

 



   

 112 

 



   

 113 

 



   

 114 

 



   

 115 

 



   

 116 

 



   

 117 

 



   

 118 

5 Discussion 

5.1 Influence of Geometry on the Stiffness of Corner Finger Joints 

This article focused on how wood species (spruce and beech), adhesive types (PVAc 

and PUR), and the number of teeth (2 and 5) effect on the elastic stiffness of finger 

joints under compression and tensile load. The highest elastic stiffness value was 

obtained from the beech wood samples with 5 teeth (30% higher) than 2 teeth bonded 

with polyvinyl acetate adhesive under tensile load. From the study it was concluded 

that elastic stiffness increased with the number of teeth in finger joints. Many 

researchers shows that the finger length is not a critical factor to determine the joint 

strength. Instead, that to acheive high strength in finger joints the critical factor is 

slope and sharpness. Study shows that tensile strength of finger joints lumber 

increased with decreasing slope (Mohammad 2004). The results have shown that the 

elastic stiffness was highly correlated with the wood species, wood density, and the 

joint geometry (Selbo 1963, Fisette and Rice 1988, Colling and Ehlbeck 1992). 

Walford (2000) determined the effect of finger length on tensile strength, which used 

for both structural and non-structural applications. The author found that shorter 

joints slightly stronger than longer ones but need a greater precision in manufacture. 

There was also a slight correlation with the loading type within the experiment.  

5.2 Effect of Selected Factors on Spruce Dowel Joint Stiffness 

we concluded that a higher glued surface area increases the elastic stiffness. It is 

therefore important to carefully consider the type of joinery used in furniture design. 

In the case of spruce dowel joints glued with PVAc and PUR adhesive, dowels one-

half (1/2) and one-third (1/3) thickness of the joined elements were tested under 

compressive and tensile load. A higher elastic stiffness was obtained with PUR 

adhesive than PVAc adhesive under both types of loading with one-half and one-

third dowel joint thickness. The test results showed that one-half thickness dowel 

joints had higher elastic stiffness than one-third thickness joints. The results are 

alined with O’Loinsigh et al., 2012. The author found that the better joint stiffness is 

generally achieved with a thicker joint, but this fact is also influenced by other 

factors, particularly the type of adhesive used.  The maximum average elastic 

stiffness was obtained for half-thickness joints bonded with PUR adhesive under 

compressive load, which was 31% more than one-third thickness joints bonded with 
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PUR adhesive. Glue type used in bonding technology has played an essential role in 

the performance of wood dowel joints, Zaborsky et al., 2019 stated that the average 

elastic stiffness of dowel joint bonded with PUR adhesive approximately two time 

than joints bonded with PVAc adhesive. The strength and stiffness of dowel joints 

are determined by dowel diameter, dowel embedment depths, dowel space, glue type 

and fit tolerence.  

5.3 Numerical and experimental investigation of the elastic stiffness of 

glued dovetail joints 

In this publication, the elastic stiffness of spruce and beech wood dovetail joints bonded 

with PVAc and PUR adhesives was analysed by both experimental and numerical 

methods. In spruce wood, the joints bonded with PUR adhesive have 16% higher elastic 

stiffness than joints bonded with PVAc adhesive, which is already expected due to the 

higher stiffness of PUR adhesive. However, the results with beech wood were opposite; 

the elastic stiffness of joints bonded with PVAc was 28% higher than with PUR 

adhesive. This difference in elastic stiffness can be due to the differences in the 

penetration behaviour of both adhesives in these wood species (beech and spruce). The 

penetration ability of PUR adhesive is faster than PVAc. The penetration of the adhesive 

is further also influenced by the permeability of the wood (Hass et al., 2012). Beech 

wood is more permeable than spruce wood, and the penetration of PUR is faster 

compared to PVAc. The lower elastic stiffness of PUR-bonded beech wood could 

therefore be attributed to the starved bondline due to the deeper penetration of PUR resin 

into the wood. On the other hand, the bondline of PVAc in beech wood will be rather 

distinct due to its limited penetration.  
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Figure 9 Distribution of reduced stress a) compression, b) tension 

The numerical calculation has confirmed similar results as the experimental results for 

beech and spruce wood under compressive load. The numerical model provided 

important information about the distribution of reduced stress in joints, which can’t be 

achieved by experimental studies. The mathematical model helps determine the location 

of stress in joints. Regardless of specific applications in the manufacturing of wood 

products, the requirement of wood adhesive is its bondability. The type of material, 

bondline geometry, and loading condition affect the adhesive strength. The addition of 

fillers that could enhance the joint strength therefore have huge potential.  

5.4 Effect of nanocellulose (CNF and CNC) reinforcement on the strength 

and stiffness of PVAc bonded joints  

 

Figure 10 Elastic stiffness of wood joints bonded with PVAc and different contents of a) CNF and b) 

CNC reinforced adhesive 

a) b) 
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The effect of CNF content on the elastic stiffness of lap shear joints is shown in Fig. 10 

a). For samples glued with nanocellulose reinforced adhesive, the elastic stiffness shows 

a clearly increasing trend with the CNF content. Direct dispersion of nanocellulose with 

pure PVAc adhesive was very complex; it was first dispersed in water and then added to 

the PVAc adhesive. The addition of water to the PVAc caused a significant decrease in 

the elastic stiffness of joints. However, the addition of CNF dramatically improved the 

elastic stiffness of adhesive joints. 

The concentrations of (0.5w%, 1w%, and 2w%) of CNF and CNC reinforced PVAc 

adhesive were studied to find the best results in terms of elastic stiffness and shear 

strength at 12% moisture content and after moisture cycling condition (8-19%). The 

samples containing 1w% of CNF show the highest elastic stiffness and shear strength. 

The improvement was more significant in spruce wood as compared to beech wood. 

Spruce wood joints bonded with 1w% CNF reinforced PVAc show 4% and 219% higher 

elastic stiffness than pure and diluted PVAc adhesive. In the case of beech wood joints 

bonded with 1w% CNF reinforced PVAc, the difference was marginal compared to pure 

PVAc adhesive, while it was very significant compared to diluted PVAc (41%) higher. 

Fig. 10 b) shows that 1w% CNC reinforced PVAc adhesive resulted in the highest elastic 

stiffness. It was more significant in beech wood joints than in spruce joints. Beech wood 

joints bonded with 1w% CNC reinforced PVAc adhesive showed 35% and 54% higher 

elastic stiffness than pure PVAc and diluted PVAc adhesive. On the other hand, spruce 

wood joints bonded with 1w% CNC reinforced PVAc adhesive showed 8% and 70% 

higher elastic stiffness than pure PVAc and diluted PVAc adhesive.  Chaabouni and 

Boufi (2017) investigated the influence of CNF addition on the properties of water borne 

polyvinyl acetate adhesive, they used very high CNF addition rates (up to 10 wt%) and 

observed a significant benefit in shear strength and water resistance performance. There 

are several studies on the application of nanocellulose reinforced adhesive in wood 

panels. Veigel et al. 2012 shows that the fracture energy and toughness of particle board 

and oriented strand board was increased by using urea formaldehyde and melamine urea 

formaldehyde reinforced CNF adhesive. 

The effect of moisture cycling (8-19%) on the elastic stiffness of pure PVAc and CNF, 

CNC reinforced PVAc adhesive was also determined. After moisture cycling, the elastic 

stiffness of the CNF reinforced bonded joint significantly improved compared to the pure 
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and diluted PVAc adhesive. Beech wood joints bonded with 1w% CNF reinforced 

adhesive show 34% and 69% higher elastic stiffness compared to pure PVAc and diluted 

PVAc adhesive. On the other hand, the elastic stiffness of spruce wood at 1w% CNF 

reinforced adhesive did not have a significant effect compared to pure and diluted PVAc 

adhesive. However, the addition of CNC shows a similar trend in spruce wood. The 

elastic stiffness of beech wood joints bonded with 1w% CNC was 41% and 65% higher 

than that of pure and diluted PVAc adhesive. The result shows that the addition of 

nanocellulose dramatically improved the elastic stiffnss of wood-based polyvinyl acetate 

adhesive (PVAc) adhesive.  

SEM (Scanning electron microscope) images of beech and spruce wood joints 

were also studied to understand the microscale bondline of PVAc and nanocellulose 

(CNF and CNC) reinforced PVAc adhesive at 12% moisture, shown in Fig. 11 a-f. A lap 

shear test showed that the elastic stiffness of nanocellulose reinforced adhesive increased 

after the addition of CNF and CNC. Fig.11 a-c compared the bondline of beech wood 

joints bonded with PVAc and 1w% nanocellulose reinforced PVAc adhesive, and Fig. 

11 d-f compare the bondline of a spruce wood joint bonded with PVAc and 1w% 

nanocellulose reinforced PVAc adhesive.  The general trend is that the thickness of the 

bondline increases with the addition of nanocellulose. The increase in the bondline is 

due to the presence of nanocellulose in PVAc adhesive, which becomes more obvious 

on the SEM images of the lap shear test, 1w% CNF and CNC reinforced PVAc adhesive 

shows that higher elastic stiffness can lead nano-reinforcement to a longer adhesive layer 

and surface of wood material being pulled off the surface.   
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Figure 12 shows SEM images of beech and spruce wood joints bonded with PVAc and 

nanocellulose (CNF and CNC) reinforced adhesives after exposure to moisture cycling 

conditions (8-19%). Neat PVAc glued joints developed a crack on the bondline after 

moisture cycle conditioning in beech and spruce wood. However, in the case of CNF and 

CNC reinforced adhesive joints, the effect of the relative humidity was minimal. This 

improvement can be explained by the interaction and distribution of nanofibres 

reinforcing PVAc adhesive. The presence of nanocellulose limit the absorption of water, 

cellulose is less hygroscopic; because of its rigid nature, nanocellulose also offsets the 

plasticising effect of water. Drying may cause shrinking of cellulose fibres, but it has 

some beneficial effects, such as a more intensely bonded structure, higher dimensional 

stability, and higher adhesion between fibres. It was observed that the moisture cycle 

affects the mechanical properties of pure PVAc bonded joints, while the addition of 

nanocellulose (CNF and CNC) stabilised the system against water absorption and 

improved the morphological and mechanical properties of reinforced adhesives. The 

results presented here support evidence of the efficient improvement of mechanical 

properties by the stress transfer between nanocellulose and PVAc polymers chain under 

moisture cycle condition.  

 

 

 

 

 

 

 

 

 

Figure 11 SEM images of beech wood joint: a) PVAc b) 1w% CNF reinforced PVAc 

c)1w% CNC reinforced PVAc; spruce wood joint: d) PVAc e) 1w% CNF reinforced 

PVAc f) 1w% CNC reinforced PVAc, at 12% of MC 

Figure 12 SEM images of beech wood joint: a) PVAc b) 1w% CNF reinforced PVAc 

c)1w% CNC reinforced PVAc; spruce wood joint: d) PVAc e) 1w% CNF reinforced 

PVAc f) 1w% CNC reinforced PVAc after moisture cycling 
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Fig. 13a Shows the FTIR spectra of pure PVAc and CNF reinforced PVAc adhesive. In 

FTIR spectra, the intensity at 1640 cm-1 increased, which is mainly due to the higher 

content of cellulose nanofibre. We can also see that the intensity increases at 3300 cm-1, 

which is mainly attributed to -OH stretching vibration. There are no other new peaks due 

to the addition of CNF, which suggests that the interaction is not well between 

nanocellulose and PVAc adhesive.  

 

 

FTIR spectra of pure PVAc, CNC, and CNC reinforced PVAc adhesive are shown in 

Fig.13 b. The characteristics peak at 2924 cm-1 increased with CNC content increasing 

in PVAc adhesive, which shows stretching of C-H cellulose group. PVAc adhesive 

represent signal at 1730 cm-1 (carbonyl), 1433 cm-1 (methyl), 1370 cm-1 (methylene), 

1245 – 1275 cm-1 (ester group). The absorption peak at 1642 cm-1, 3392 cm-1, and 3339 

cm-1 shows the hydroxyl group of free water molecules absorbed onto the CNC surface.  

Polyurethane materials are widely used in wood adhesives. Nanocellulose 

reinforced polyurethane are receiving steadily growing attention due to their unique and 

fascinating properties that potentially rival those of the most advanced materials in 

nature. Previously, nanometer-sized stiff and anisotropic filler with a high aspect ratio 

and an extremely large surface area, including graphite oxide nanoparticles, polyhedral 

oligomeric silsesquioxane, carbon nanotubes, and layered silicate clays, have been 

incorporated into polyurethane to enhance the mechanical properties and thermal 

A) B) 

Figure 13 FTIR analysis of pure PVAc A) CNF and CNF reinforced PVAc adhesive, B) CNC and CNC 

reinforced PVAc adhesive 
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stability. Cellulose nanomaterial, including microfibrillated cellulose, microcrystalline 

cellulose (MCC) and CNC, have also been used as a reinforcing filler in polyurethane.  

 

5.5 Comparative study on the properties of cellulose nanofiber (CNF) and 

cellulose nanocrystal (CNC) reinforced PUR adhesive bonded joints  

The effect of CNF reinforced polyurethane adhesive in spruce and beech wood joints is 

shown in Fig. 14. The addition of CNF increased the elastic stiffness of spruce wood 

joints at 12% moisture content. Spruce wood joints have higher elastic stiffness at 2w%, 

which was 9% higher than PUR adhesive, while the elastic stiffness of beech wood, 

0.5w% CNF, was 16% higher than that of PUR adhesive. The results are not significant 

in the case of spruce wood joints. The effect of CNF-reinforced polyurethane adhesive 

after moisture cycling conditioning (8-19%) was also studied. In spruce wood, joints 

bonded with 0.5w% CNF have 8% higher elastic stiffness than PUR adhesive, and beech 

wood joints bonded with 2w% CNF did not show any significant difference compared 

to pure PUR adhesive. The introduction of CNC as a reinforcing filler in PUR adhesive 

led to remarkable improvement in elastic stiffness; it is shown in Fig. 14 b. Spruce wood 

did not exhibit any changes with the addition of 0.5w% CNC, further, the addition of 

1w% shows dramatic increment and 25% higher than PUR adhesive, while in beech 

wood joints, the elastic stiffness increased up to 0.5w% with CNC reinforced adhesive, 

which was 11% higher compared to PUR adhesive, Fig. 14 b. The addition of CNC does 

not show any improvement. The same results were achieved under moisture cycling 

conditions.  

 

a) b) 
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nanocellulose reinforced adhesive, Fig. 15 and Fig. 16 compare the SEM images of 

spruce and beech wood joints bonded with PUR and nanocellulose (CNF and CNC) 

reinforced PUR adhesive. A general trend is that the elastic stiffness increases with 1w% 

of CNF and CNC reinforced PUR adhesive. The increase in the elastic stiffness is due 

to the presence of nanofibre in the PUR adhesive, which can be visible on the SEM 

images taken under high magnification. For PUR adhesive, a crack on the bondline can 

be clearly seen. The addition of 1w% of nanocellulose also improved the bondline with 

nanofibre dispersion. This improvement was found in CNF and CNC, and it is shown in 

reinforced PUR adhesive spruce and beech wood joints in Fig.15 and Fig.16. The 

observation agrees with the elstic stiffness trend of the adhesive, which also increase the 

crosslinker content. During the lab shear test, the reinforced adhesive can bear a higher 

load without fracture, and this higher load can lead to the cross link of nanocellulose 

with PUR adhesive.   

Fig. 17 a shows FTIR spectra of neat PUR and CNF reinforced PUR adhesive. 

The FTIR peak at 2270 cm-1 is significant for PUR adhesive, which represent a free 

isocyanate group in polyurethane structure. The addition of modified cellulose nanofibre 

to PUR adhesive causes a reduction in the -OH peak. The peak observed at 2920 cm-1, 

1700 cm-1, and 1370 cm-1 corresponds to C-H stretching, C=O stretching, and C-N 

stretching in polyurethane (PUR) adhesive. The FTIR spectra of CNC reinforced 

Figure 14 Elastic stiffness of spruce and beech wood joint bonded with a) CNF reinforced PUR 

adhesive, b) CNC reinforced PUR adhesive at 12% MC and after moisture cycling condition 

Figure 16 SEM images of a spruce wood joint: a) 

PUR b) 1w% CNF reinforced PUR c)1w% CNC 

reinforced PUR; spruce wood joint: d) PUR e) 1w% 

CNF reinforced PUR f) 1w% CNC reinforced PUR 

after moisture cycling conditioning 

Figure 15 SEM images of a beech wood joint: a) PUR 

b) 1w% CNF reinforced PUR c)1w% CNC 

reinforced PUR; beech wood joint: d) PUR e) 1w% 

CNF reinforced PUR f) 1w% CNC reinforced PUR 

after moisture cycling conditioning 
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polyurethane adhesive are shown in Fig. 17 b FTIR spectra of CNC reinforced PUR 

adhesive have shown a peak reduced at 2926 cm-1 (C-H stretching) with the addition of 

CNC. Additionally, increased content of CNC in PUR adhesive shifts the carbonyl 

stretching vibration. This carbonyl shifting shows that incorporating CNC (0.5w%, 

1w%, and 2w%) disturbs the hydrogen bonding between -NH and C=O, which further 

improves the microphase separation between the hard and soft segement due to a strong 

hydrogen interaction between CNC and PUR adhesive.  

 

 

 

 

 

 

 

 

 

 

a) b) 

Figure 17 FTIR analysis of a) pure PUR, CNF, and CNF reinforced PUR adhesive, b) pure PUR, CNC, and 

CNC reinforced PUR adhesive 
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6 CONCLUSION AND FUTURE WORK 

6.1 Conclusion 

The general conclusion drawn from this study is shown in chapter 5. The below-

mentioned points are brief summaries of the most important conclusions: 

1. The elastic stiffness of beech and spruce wood finger joints (2 and 5 teeth) was 

investigated. The number of teeth in the finger joint plays a significant role; the higher 

the number of teeth, the higher the elastic stiffness. A 5-tooth finger joint has 30% 

higher elastic stiffness than 2-finger joint teeth. Wood density and adhesive type are 

positively correlated with the elastic stiffness of the tested adhesive bond. A high-

quality bond was achieved with PUR adhesive.  

2. Despite these results, the elastic stiffness of spruce wood dowel joints bonded with 

PUR and PVAc adhesive was investigated with half (1/2) and one-third (1/3) dowel 

thickness. The results show that joints with half-thickness bonded with PUR adhesive 

have twice the elastic stiffness as joints bonded with PVAc adhesive. The test results 

revealed that half-thickness joints have higher elastic stiffness than one-third 

thickness joints. The highest elastic stiffness of 921 Nm/rad was obtained with half-

thickness joints bonded with PUR adhesive, and the lowest thickness, 209 Nm/rad, 

was found in joints bonded with PVAc adhesive under tensile load. 

3. Further, to show the distribution of stresses in wood joints, numerical analysis on 

glued dovetail joints has been investigated based on experimental results. In these 

experiments, the elastic stiffness of beech and spruce dovetail joints bonded with PUR 

and PVAc adhesives under compression and tension load was calculated.  

4. Beech wood joints bonded with PVAc have 28% higher elastic stiffness than joints 

bonded with PUR adhesive. In the case of spruce wood, joints bonded with PUR 

adhesive have 16% higher elastic stiffness than those bonded with PVAc adhesive. 

This may be due to the penetration ability of the adhesive, which is influenced by the 

permeability of wood. Because beech wood is more permeable than spruce wood, the 

penetration of PUR is faster than in spruce wood due to the starved bondline and 

deeper penetration of the adhesive, which results in lower elastic stiffness of beech 

wood with PUR adhesive. 

5.   Numerical calculations confirmed similar results as the experimental results for 

beech and spruce wood under compression load, while the results were the opposite 

under tensile load. Moreover, the numerical model provided important information 
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related to the stress distribution in joints, which can’t be achieved by experimental 

studies. This model also helps provide the location of stress and precisely identify that 

the stress in compression was recorded to be higher than under tensile load.  

6. Nanocellulose (CNC and CNF) reinforced adhesives (PVAc and PUR) at 12% 

moisture content and after moisture cycling conditioning (8-19-8%) were also 

observed in this study. The effect of CNC and CNF and their concentration (0.5w%, 

1w%, and 2w%) were studied with a beech and spruce wood lap shear test. With 

PVAc adhesive, a higher elastic stiffness was achieved at 1w% concentration of CNC 

and CNF reinforced PVAc adhesive in beech and spruce wood lap shear test at 12% 

moisture content and after moisture cycling condition (8-19-8%). The same results 

were achieved with CNC and CNF reinforced PUR adhesive. The nanocellulose 

reinforcement improved the water resistance of both adhesives and strongly enhanced 

the mechanical properties in moisture cycle conditions. 

7. SEM studies with fracture bondlines were performed to understand the pure PVAc, 

PUR and nanocellulose reinforced PVAc, PUR wood bond mechanism. With added 

nanocellulose, the bondline was improved and a minimum crack were found 

compared to the pure PVAc, PUR adhesive at 12% mc and after moisture cycling 

conditioning.   

8. Pure PVAc, PUR, nanocellulose reinforced adhesive with 0.5w%, 1w%, and 2w% 

concentrations were also investigated through FTIR, but no clear difference was 

detected.  

6.2 Future work 

In this thesis, we mostly focused on the experimental investigation of the mechanical 

behaviour of joints bonded with adhesive (PVAc and PUR). It is believed that some 

additional investigation would be of great value, such as long-term loading and joint 

fatigue, and nanocellulose reinforced adhesives to improve the mechanical properties 

of glued wood joints. Further studies with other factors, such as proper dispersion of 

nanocellulose and improving interfacial compatibility in nanocomposites to 

maximise material properties, would be beneficial. It is also necessary to get a better 

understanding of adhesion interactions and the mechanical interlocking of nanofibres 

with adhesive polymers. Several studies have promoted the properties of 

nanocomposites, but only a few related to nanocelluose reinforced wood adhesives. 

Another area is improvement of the water-resistance of nanocellulose based 
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adhesives, which is possible through the chemical modification of nanocellulose, 

cross-linking to get a denser network, or mixing with synthetic adhesives and 

improving its interface for better compatibility. Future work should therefore focus 

on the application of nanocellulose wood-based adhesives that have better properties 

and economic justification than the existing material. The research needs for 

nanocellulose adhesion ensure a bright future for renewable polymer resources.   
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