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Abstract 

This study aims to identify the tensile shear strength of glued beech (Fagus sylvatica 

L.) and oak (Quercus robur L.) samples cut by CO2 laser. The main focus is on the 

characteristics of the bondline made of laser-cut wood. The laser beam was cut the 

samples in the perpendicular direction to the grain. The surface quality of the laser cut 

samples was measured by using a contact and contactless (laser) methods. A scanning 

electron microscope was used to show the anatomical structure, the penetration depth 

of PVAc resin and O/C ratio of the laser cut surface. Contact angle measurement and 

chemical analysis were implemented by using Fourier transform infrared spectroscopy 

and a contact angle goniometer. The tensile shear test on the laser cut samples bonded 

with polyvinyl acetate were carried out using universal testing machine. We gained 

knowledge about the glued strength of laser cut wood. The work brings new 

information about the physical and chemical properties of laser-cut surface prior to 

gluing. The main characteristics of the bondline made of laser-cut wood were 

successfully determined.   

 

.  

 

 

Key words: CO2 laser, glued tensile shear strength, CO2 processing parameters.  
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Hypothesis and Objectives  

Hypothesis 

 

1. Glued tensile shear strength of beech and oak wood could be decreased when 

cutting with a CO2 laser, due to chemical and physical changes occurred on the 

laser-cut surface. 

2. Laser-cut surface may lead to a better surface quality, due to the melting process, 

compared to a surface obtained by a contact tool (milling, planning, sawing).  

3. It is assumed that the wetting properties of the laser-cut surface decreases, because 

of heat affected zone of laser-cut surfaces. The anatomical structure of laser-cut 

surface could be affected by CO2 laser, due to variation in thermal degradation of wood. 

There would be the degradation of wood chemical compound, and the degradation rate is 

highly correlated to speed and power of CO2 laser. 

 

Objectives  
 

1. Analysis of CO2 laser parameters (cutting speed, feed speed, focal point position) 

on the tensile shear strength of the laser-cut wood. 

2. Microscopy analysis on the anatomical and morphological-structure of wood cut 

by CO2 laser. 

3. Investigations of the adhesive penetration into porosity structure of laser-cut 

wood, assessment of bondline failure after shear glue test, analysis of the wetting 

properties of the wood cut by CO2 laser. 

 

 

 

 

 

 

 

 

 



   

 8 

Contents 
1 Introduction ............................................................................................................. 14 

1.1 Laser cutting process ........................................................................................... 14 

1.2 CO2 laser versus conventional cutting process .................................................... 18 

1.3 Wood as a workpiece material ............................................................................ 19 

1.4 Process indicators ................................................................................................ 21 

1.4.1 Wood properties on bonding performance .................................................. 21 

1.4.2 Contact angle measurement and wettability ................................................ 23 

1.4.3 Wood bond formation and performance ...................................................... 24 

1.4.4 Adhesive penetration into the cellular structure of wood ............................ 29 

1.5 Monitored factors on process indicators .............................................................. 31 

1.5.1 Cutting speed ............................................................................................... 31 

1.5.2 Gas pressure ................................................................................................. 31 

1.5.3 Focal-point position ..................................................................................... 32 

2 Materials and methods ........................................................................................... 34 

2.1 Materials .............................................................................................................. 34 

2.1.1 Wood species ............................................................................................... 34 

2.1.2 Adhesive ...................................................................................................... 35 

2.2 Methods ............................................................................................................... 35 

2.2.1 CO2 laser cutting .......................................................................................... 35 

2.2.2 Analysis of Laser-cut surface before gluing ................................................ 36 

2.2.3 Analysis of the glued laser cut surface ........................................................ 38 

3 Synthesis of acquired knowledge ........................................................................... 41 

3.1 Discussion ............................................................................................................ 43 

4 Conclusion and future works ................................................................................. 47 

5 List of used literature .............................................................................................. 49 

6 Separate articles and manuscripts ......................................................................... 54 

6.1 Interactions of monitored factors upon tensile glue shear strength on laser 

cut wood ................................................................................................................... 54 

6.2 Surface quality measurement by contact and laser methods on thermally 

modified spruce wood after plain milling ................................................................ 65 

6.3 Anatomical and morphological characteristics of beech wood after CO2 

laser cutting .............................................................................................................. 76 

6.4 CO2 laser cutting on the bondline characteristics of beech wood ....................... 88 



   

 9 

6.5 The effect of alternating freezing and high temperatures on the tensile-

shear strength of glued Norway spruce (Picea abies (L.) H. Karst.) and 

European larch (Larix decidua Mill.) wood ........................................................... 109 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



   

 10 

List of Figures 

Figure 1. Configuration of CO2 laser ..................................................................... 15 

Figure 2. Concentric bands of a tree stump ........................................................... 20 

Figure 3. Links between adhesive and wood bond using the schematic from Mara 

(1980). Link 1: Adhesive layer, Link 2 and 3: adhesive interphase layer, 

Link 4 and 5: adhesive wood interface, Link 6 and 7: wood interface 

layer, Link 8 and 9: wood layers ............................................................ 27 

Figure 4. X-ray computed tomography (XCT) slice showing a bondline made using 

latewood loblolly pine and the 135-min BrPF resin a before and b after 

segmentation. (Jakes et al. 2019). .......................................................... 30 

Figure 5. Focal point positions on the workpiece .................................................. 32 

Figure 6. Contact angles of PVAc resin ................................................................ 37 

Figure 7. Two methods of surface profile measurement; a) contactless method, b) 

contact method ....................................................................................... 38 

Figure 8. Tensile shear test of the laser-cut samples performed by a universal testing 

machine equipped with a video extensometer (left) and without a video 

extensometer (right) ............................................................................... 38 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



   

 11 

List of Tables 

Table 1. The average properties of three wood species (Konnerth et al. 2016). ... 34 

Table 2. Technical parameters of the selected adhesives ...................................... 35 

Table 3. Applied processing parameters of CO2 laser on the wood species .......... 36 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



   

 12 

List of published articles 

I. A list of all output during the Ph.D. study 

a) A list of all articles registered on Web of Science 

 

1. Milan Gaff, Fatemeh Rezaei, Adam Sikora, Štěpán Hýsek, Miroslav Sedlecký, 

Gianluca Ditommaso, Roberto Corleto et al. "Interactions of monitored factors 

upon tensile glue shear strength on laser cut wood." Composite Structures 234 

(2020): 111679. DIO: 10.1016/j.compstruct.2019.111679 

2. Fatemeh Rezaei, Milan Gaff, Anil Kumar Sethy, Peter Niemz, Gourav Kamboj, 

Gianluca Ditommaso, Roberto Corleto, Sumanta Das, and Miroslav Gašparík. 

"Surface quality measurement by contact and laser methods on thermally 

modified spruce wood after plain milling." The International Journal of Advanced 

Manufacturing Technology 110, no. 5 (2020): 1653-1663. DOI:10.1007/s00170-

020-05983-7 

3. Fatemeh Rezaei, Rupert Wimmer, Milan Gaff, Claudia Gusenbauer, Stephan 

Frömel-Frybort, Anil Kumar Sethy, Roberto Corleto, Gianluca Ditommaso, and 

Peter Niemz. "Anatomical and morphological characteristics of beech wood after 

CO2-laser cutting." Wood Material Science & Engineering (2022): 1-10. 

4. Fatemeh Rezaei, Milan Gaff, Robert Nemeth, Jerzy Smardzewski, Anil Kumar 

sethy, Peter Niemz, Luigi Todaro, Gourav Kamboj, Sumanta Dass, Roberto 

Corleto, Gianluca Ditommaso, Mikos Bak. “Effect of CO2 laser parameters on 

tensile-shear strength of laser-cut wood” (under review, 2022). 

1. Miroslav Gašparík, Fatemeh Rezaei, Elham Karami, Sumanta Das, Tomáš 

Kytka, Lukáš Vlk, Roberto Corleto, and Gianluca Ditommaso. "The effect of 

alternating freezing and high temperatures on the tensile-shear strength of glued 

Norway spruce (Picea abies (L.) H. Karst.) and European larch (Larix decidua 

Mill.) wood." European Journal of Wood and Wood Products (2022): 1-8. 

5. Gianluca Ditommaso, Milan Gaff, František Kačík, Adam Sikora, Anil Sethy, 

Roberto Corleto, Fatemeh Rezaei et al. "Interaction of technical and 

technological factors on qualitative and energy/ecological/economic indicators in 

the production and processing of thermally modified merbau wood." Journal of 

Cleaner Production 252 (2020): 119793. 

6. Gourav Kamboj, Miroslav Gašparík, Milan Gaff, František Kačík, Anil Kumar 

Sethy, Roberto Corleto, Fatemeh Rezaei et al. "Surface quality and cutting power 

requirement after edge milling of thermally modified meranti (Shorea spp.) 

wood." Journal of Building Engineering 29 (2020): 101213. 

7. Gourav Kamboj, Milan Gaff, Jerzy Smardzewski, Eva Haviarová, David Hui, 

Fatemeh Rezaei, and Anil Kumar Sethy. "Effect of cellulose nanofiber and 

cellulose nanocrystals reinforcement on the strength and stiffness of PVAc 

bonded joints." Composite Structures (2022): 115821. 

8. Gourav Kamboj, Milan Gaff, Jerzy Smardzewski, Eva Haviarová, David Hui, 

Radim Rousek, Sumanta Das, Fatemeh Rezaei, and Anil Kumar Sethy. 

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

http://dx.doi.org/10.1016/j.compstruct.2019.111679
https://link.springer.com/article/10.1007/s00170-020-05983-7
https://link.springer.com/article/10.1007/s00170-020-05983-7


   

 13 

nanocrystals (CNC) reinforced 1C-PUR adhesive bonded wooden 

joints." Construction and Building Materials 344 (2022): 128262. 

 

b) A List of lectures and conferences 

 

1. 29th International Conference on Wood Modification and Technology 2018, at 

Zagreb 

Oral presentation by Fatemeh Rezaei with the title of; 

“Evaluation of Laser and Mechanical Methods for Measuring Roughness and 

Waviness of Milled Surface of Spruce and Oak” 

2. 5th International Conference on Mechanics of Composites Lisbon, Portugal, 1 - 

4 July 2019. 

Oral Presentation by Fatemeh Rezaei with the title of; 

Gluing properties of wood after CO2 laser 

 

II. A list of articles from which the final thesis is composed. 

 

2. Milan Gaff, Fatemeh Rezaei, Adam Sikora, Štěpán Hýsek, Miroslav Sedlecký, 

Gianluca Ditommaso, Roberto Corleto et al. "Interactions of monitored factors 

upon tensile glue shear strength on laser cut wood." Composite Structures 234 

(2020): 111679. DIO: 10.1016/j.compstruct.2019.111679. 

3. Fatemeh Rezaei, Milan Gaff, Anil Kumar Sethy, Peter Niemz, Gourav Kamboj, 

Gianluca Ditommaso, Roberto Corleto, Sumanta Das, and Miroslav Gašparík. 

"Surface quality measurement by contact and laser methods on thermally 

modified spruce wood after plain milling." The International Journal of Advanced 

Manufacturing Technology 110, no. 5 (2020): 1653-1663. DOI:10.1007/s00170-

020-05983-7. 

4. Fatemeh Rezaei, Rupert Wimmer, Milan Gaff, Claudia Gusenbauer, Stephan 

Frömel-Frybort, Anil Kumar Sethy, Roberto Corleto, Gianluca Ditommaso, and 

Peter Niemz. "Anatomical and morphological characteristics of beech wood after 

CO2-laser cutting." Wood Material Science & Engineering (2022): 1-10. 

5. Fatemeh Rezaei, Milan Gaff, Robert Nemeth, Jerzy Smardzewski, Anil Kumar 

sethy, Peter Niemz, Luigi Todaro, Gourav Kamboj, Sumanta Dass, Roberto 

Corleto, Gianluca Ditommaso, Mikos Bak. “Effect of CO2 laser parameters on 

tensile-shear strength of laser-cut wood” (under review). 

6. Miroslav Gašparík, Fatemeh Rezaei, Elham Karami, Sumanta Das, Tomáš 

Kytka, Lukáš Vlk, Roberto Corleto, and Gianluca Ditommaso. "The effect of 

alternating freezing and high temperatures on the tensile-shear strength of glued 

Norway spruce (Picea abies (L.) H. Karst.) and European larch (Larix decidua 

Mill.) wood." European Journal of Wood and Wood Products (2022): 1-8. 

 



   

 14 

1 Introduction 

 

The term “LASER” is stand for “Light Amplification by the Stimulated Emission of 

Radiation”. The process called “stimulated emission” was introduced by Albert Einstein 

in 1917.  Later on. In 1958, producing light with a wavelength in the visible range was 

reported by Charles Townes and Arthur Schawlow. Different materials such as ruby laser 

(short pulses of laser light) and Helium-neon gas laser or liquid dye lasers (continuous 

beam of light) can be used as lasting materials. The advent of the first gas laser was 

recorded in 196. Afterward, newer types of lasers have been developed which are more 

advanced and reliable. Actually, Lasers are Coherent, monochromatic, and highly 

directional beams of light which are able to melt and vaporize the material by focusing 

and delivering high energy-densities to small areas of a material (Modest et al. 2001). All 

lasers build from three main parts; an active medium (lasing material that produce the 

light), a power supply (a source of energy to excite the active medium) and resonant 

cavity (an optical resonator consisting of two parallel mirrors which amplify the light) 

(Kannatey-Asibu 2009).    

Lasers are categorized based on their lasing mediums. the lasing mediums of laser can be 

in the state of gas, liquid, or solid. Moreover, the operation of all laser’s types occurs in 

one or two temporal modes, continuous wave and pulsed modes. The continuous wave 

mode occurs when the laser beam emits continually, without any interruption. Whereas, 

in pulse mode, the laser beam emits periodically (Chryssolouris 1991). Currently, for 

material processing, lasers with lasing media in the form of a solid or gas are used. The 

ruby laser, neodymium glass laser. and the neodymium yttrium aluminum garnet (Nd-

YAG) laser are three types of solid-state laser. The Nd-YAG laser is able to maintain 

higher power for longer periods, as compared to the other two types. The output wave 

length of the Nd-YAG laser is 1.06 µm while for carbon dioxide (CO2) laser (gas laser), 

used in the material processing, the length is far greater, roughly 10.06 µm (Dawes 1992). 

The other types of laser which allocated for material processing are carbon monoxide 

(CO) and the Excimer laser etc. However, among all types of laser, the Nd-YAG laser 

and CO2 laser are the best for laser cutting of different materials. the processing capability 

of the Nd-YAG laser is poor for wood materials while the CO2 laser is representing the 

excellent capability (Havrilla and Anthony  2003). In the present study, a CO2 laser was 
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selected to cut the wood. So, a detailed review of its performance is provided in the 

following paragraph.  

CO2 laser is widely applicable as a source in the laser processing of materials. The highest 

efficiencies for the conversion of electrical to optical energy can be the first reason. 

Another reason can be the ease of operation at high power levels in both continuous wave 

and pulsed configurations rotational lines in the 9.4 µm and 10.4 µm bands of the CO2 

molecules generate laser emission (Duley and Williams 1983) (Figure 1).  

 

Figure 1. Configuration of CO2 laser 
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The active medium of CO2 laser is a mixture of gases including carbon dioxide gas (1-

9%), Helium (60-85%), nitrogen (13-35%), and other gases. The combination of each 

amount of the gas depends on the design of optimal cavity, the gas flow rate, and the 

output coupler used. A high electrical potential is produced by power supplied (a high 

electrical potential) to keep the gas mixture in the excited state (Chryssolouris 1991).  

The resonant cavity composed of a discharge tube holding the excited gas mixture 

between two end mirrors. One mirror is allocated to reflect the beam totally while other 

mirror is partially transparent in order to give a permission for beam output. Numerous 

effective changes in resonant cavity such as an acceptable beam divergence and high 

efficiency, a variety of mirror configuration can be carried out in order to achieve the 

required beam stability.   

The optical resonator described above is responsible for the amplification of light. The 

parallel mirrors in the resonant cavity direct the light back into the lasing medium. Such 

back and forth activity of photons through lasing medium induces more and more 

emissions. photons which are not in the alignment of resonator are not able to be 

redirected by mirrors, resulting no more stimulation for emission. As photons are 

amplified by mirrors, the coherent beam develops quickly (Chryssolouris 1991, 

Kannatey-Asibu 2009) 

Five basic configurations of commercial CO2 laser are available; sealed, transversely 

excited atmospheric pressure (TEA), slow axial flow, fast axial flow and transverse flow. 

The differences of each type are characterized by the geometry of gas flow in the optical 

cavity.  

Cutting mechanisms of laser beam: Lasers have several features, particularly 

monochromatic, coherent, and low divergence as compared with normal light. With such 

features, it can be able to produce high power densities. When the laser beam focuses on 

a small area of material, the power of laser beam is transferring to the material, resulting 

in heating, melting, and finally removing of the material. the melting material is removed 

by using assist gas (Powell J., 1998) (Kannatey-Asibu 2009) (Havrilla and and Anthony  

2003).  

Five different mechanisms of laser cutting are defined; 1.  inert gas melt shearing cutting, 

2. active gas melt shearing, 3. vaporization, 4. chemical degradation and 5. scribing.  

Inert gas melt shearing: a base material is melting and removing by using a high-pressure 

inert assist gas. This mechanism requires lower energy of laser beam, as compared to 
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other methods. The melting energy is totally provided by laser beam. The formation of 

striations (valleys and peaks that creates along the thickness) on the cut surface and dross 

(molten materials which solidify on the cut edge) is a major problem of this cutting 

method (Kannatey-Asibu 2009). 

Active gas melt shearing: this cutting method is resembling the inert gas melt shearing 

with a few differences. An exothermic chemical reaction probably generated additional 

energy, resulting in increasing cutting speed, as comparison with inert gas melt shearing 

method. Higher temperature of this method compared to inert gas melt shearing induces 

edge charring in carbon-based materials. Oxygen or air is considered as an active gas. 

However. The active gas melt shearing method shows the same major problem as 

mentioned in inert gas melt shearing method (Kannatey-Asibu 2009, Ion 2005).  

Vaporization: The material reaches its vaporization temperature by heating before 

extensive melting with thermal conduction. Subsequently, the removal of material is 

occurred by vaporization and also an inert gas jet ejecting liquid. The mechanism is used 

to cut plastics such as Poly (methyl methacrylate) and polyacetal. The vaporization 

mechanism is provided the excellent quality and narrow kerf width. However, the thin 

section of material is useful for cut, due to extensive energy required to cut a unit volume 

of material, as comparison to melt shear cutting (Powell 1998, Ion 2005, He et al. 2005).  

Chemical degradation: the laser beam breaks the chemical bonds of material, which 

deeply changes the material’s integrity. This method is used for wood, wood-based 

products, most thermoset polymers, rubber products, and epoxy resins. The flat and 

smooth surface of cut edge is resulted from this method.  However, a fine layer of residual 

carbon dust remains on the cut edge, which may require cleaning (Powell 1998, Ion 2005, 

He et al. 2005).    

Scribing: by making a hole and groove in the material, the structure of the material is 

getting poor. Therefore, the mechanical property of the material is getting weak also. The 

hole is sometime provided by laser to the other side of the material and the hole is not so 

deep. Vaporization with a small Heat Affected Zone (HAZ) can be formed by low energy 

and high-power density pulses. This mechanism can be effective to cut alumina, some 

glasses and composites (Green et al. 1991, Wenham and Green 1988, Green et al.1996, 

Steen 2003, Ion 2005, Abbott 2006,). 

The fundamental aspects of modification of wood by using a laser beam and related 

different parameters such as intensity, time, laser type, and focus to the surface 
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morphology was stated by Haller et al. (2001). The ablation and melting process could be 

observed by using scanning electron microscopy. The penetration of water into laser 

treated surfaces is significantly stopped. By controlling the energy input, the laser beam 

can be used to remove microscopical amounts in order to clean or to prepare the surface 

for coatings. This can be useful in the preservation of historic monuments. The possibility 

of using laser ablation on wood without carbonization can be performed for certain 

parameter sets. Because of the absorption properties of the wood, UV and IR-pulse lasers 

are appropriate for this purpose. For these laser types, melting of the cellulose in the µm 

range was detected, which fulfills the hypothesis of mainly thermal ablation at laser 

wavelengths above 300 nm. when CO2 laser and pulse width in the range of 1 ms was 

used, the melting of wood surfaces without carbonizing is observed. The depth of the 

molten layer was discovered to be in the range from 2 µm up to 7 µm. Hence, the depth 

of thermal/ structural modifications was evaluated in the range from 5 µm up to 15 µm. 

Short time measurements have shown that the moisture absorption of the laser irradiated 

wood surface slowed remarkably low.  

 

Laser cutting method on wood and wood-based materials provides following advantages 

over conventional cutting process: 

Contact-free process: Sharpening, replacing, repairing tools are not required, due to the 

absent of reaction forces exerted on the workpiece. The deformation of the cut part is not 

occurred during process, even material is flexible. However, other components such as 

lenses are required to maintain (McMillin and Harry 1971, Peters and Marshall 1975, 

Szymani and Dickinson 1975, Barnekov et al. 1989, Powell 1998, Powell and Kaplan 

2004). 

Narrow Kerf width: The lower the material removed, the less the waste material resulted. 

Conventional process provides wider width kerf and higher waste material compared to 

laser method. (McMillin and Harry 1971, Peters and Marshall 1975, Szymani and 

Dickinson 1975, Huber et al. 1982, Barnekov et al. 1989, Mukherjee et al. 1990, Powell 

1998, Powell and Kaplan 2004). 

Fully CNC controlled: It indicates that the complex shapes or patterns can be achieved 

by laser. The cutting process can be started from any point, followed by line, circles, 

curves, and terminated to any desire point. Laser shows a greater potential when it comes 

to design a complex geometry (McMillin and Harry 1971, Szymani and Dickinson 1975, 
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Huber et al. 1982, Barnekov et al. 1989, Mukherjee et al. 1990, Powell 1998, Powell and 

Kaplan 2004). Extremely hard and brittle wood materials can be cut by laser. However, 

the laser cutting of composite and compounds is not as comfortable as conventional 

method (Peters and Marshall 1975, Szymani and Dickinson 1975). Laser cutting of 

composites and compounds is not always easier compared to conventional methods. Laser 

is advantageous only when precision, controllability and flexibility are needed; however, 

the requirements vary among cut operations. 

Cutting accuracy is improved: the smoother surface of wood obtained from laser method 

rather than conventional method. Post-processing, like cleaning or sanding are not 

required. A Charring mark on the wood surface as a result of laser cutting can be used as 

a decorative purpose (McMillin and Harry 1971, Peters and Marshall 1975, Szymani and 

Dickinson 1975, Powell 1998, Powell and Kaplan 2004). 

A low running cost: A running cost are extremely lower in comparison with conventional 

method. The conventional method requires high energy (Huber et al. 1982, Powell 1998, 

Powell and Kaplan 2004). 

Low noise: laser cutting generated very slight noise, and the process is extremely quiet. 

(Peters and Marshall 1975, Huber et al. 1982, Powell 1998, Powell and Kaplan 2004). 

Fully automated: lase cutting is more secure than conventional method (Huber et al. 1982, 

Powell 1998, Powell and Kaplan 2004). 

 

Throughout human history, wood was used as a major source for the construction of 

boats, shelters, weapons and also for cooking food. Earlier society used wood in Egyptian 

pyramids, Chinese temples and tombs, and ancient ships. The earlier society was found 

very early the great advantages of wood, including widely distributed, multifunctional, 

strong, easy to work, aesthetic, sustainable, and renewable. For centuries, wood has been 

used as a major source for construction purposes, cooking and heating, even the fact that 

wood has instability toward moisture, and degradations due to microorganisms, termites, 

fire, and ultraviolet radiation (Pizzi and Mittal 2003, Niemz 2006, Handbook 2010). 

Wood is an inhomogeneous and anisotropic material constituted of varying types of cells, 

and chemical compounds, accompanying together to provide the needs of living plant. 

The three main functions of wood in living plant is water conduction, mechanical support, 

storage, synthetic of biochemical. To fulfill these functions, wood cells must design well 
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and interconnected. Through these functions, 20,000 different species of woody plants 

were evolved, with their unique properties.  

Looking at a tree stump, several concentric bands were observed. A quick observation 

from outside to the inside of the stump is demonstrating several certain bands nominated 

as outer bark, inner bark, vascular cambium, sapwood, heartwood, and pith (Figure 2). 

       

 

 

 

Figure 2. Concentric bands of a tree stump 

 

Outer bark acts like fence, protecting mechanically the inner bark and restricting the water 

loss. Inner bark acts like transit, transporting sugar formed by photosynthesis within the 

tree. The boarder between bark and wood is defined as vascular cambium, containing 

meristic characteristics to produce the both wood and bark tissues. Sapwood is a living 

tissue which able to carry water or sap from the roots to the leaves. Inactive and 

nonconducting tissue, located in the middle of most trees, for many species noticed as 

darker color (due to accumulation of mainly colourful chemicals), is called heartwood. 

Pith tissue is the remaining part of early growth before the wood formation. Annual rings 

are a consequence of seasonal growth in temperate zones. The growth rate is highest in 

early spring, forming early wood, while, it is lowest during summer and autumn, forming 

late wood. Early wood is characterized as cells with thin walls and wide lumen while late 

wood is labeled as cells with thick walls and small lumen. In a trunk, there are longitudinal 

(L) axis in the parallel direction to the grain, radial axis in the direction from pith to the 

bark and tangential axis in the perpendicular direction to the grain and tangential to the 

radial axis. Wood is divided into two groups, hardwood and softwood, based on their 

origin and anatomical structure (Bowyer et al 2003). 
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Hardwood is botanically originated from angiosperm (flowering plants) and softwood is 

originated from gymnosperm (mostly conifers). The broadleaf, deciduous trees are 

considered as hardwood, including beech, oak, maple and etc. In contrast, the needle-

leave evergreen trees are considered as softwood, particularly pine, spruce and etc. The 

anatomical structure of hardwood is more complex. The present of vessel elements in 

hardwood is the most important distinction between softwood and hardwood.  

Other differences can be explained as; a) density is one of the most important physical 

properties of wood and determined by the wood anatomical structure (Handbook 2010). 

The density increases when the proportion of cells with thick cells walls rises. Therefore, 

hardwood often has a higher density, but also the amount of void spaces by vessels needs 

to be considered. The density is always related to the wood moisture content, which is 

another crucial property of wood. Due to the woods high number of pores (in average 50-

60% of the wood material), it has a high inner surface area (International Agency for 

Research on Cancer. 2006). This cavity system absorbs humidity from the air as well as 

other liquids such as adhesives. Wood obtains a three-dimensional network of cells with 

different tasks such as conducting, storing and strengthening cells. The orientation and 

composition of these cells varies greatly for soft- and hardwood and further for individual 

species. Softwood contains a much simpler anatomical structure and has mainly tracheids 

(≥ 95%) (Niemz and Sonderegger 2017) and parenchyma, but further wood rays, resin 

channels and pits. 

 

 

It has long been known that the bond performance properties are influenced by the quality 

of the wood surface.  

Surface roughness: the wood surface roughness of the wood bond elements is another 

critical factor that affects wood bond quality. Even if suitable technological solutions are 

available for measuring surface roughness, the direct measurement and the determination 

of surface topography are rarely performed in a systematic manner (Sandak et al. 2020). 

Wood industries rely upon the frequent scheduling of tool changes, the superior quality 

of the cutting tools and the adjustment to the feed speed as an alternative of monitoring 

surface roughness. Thus, there is limitation in the quality of glued surfaces, which is 

significant for statistical process control, especially in small production plants. 
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Wood moisture: the cyclic sorption and desorption of moisture in wood attribute to 

variations in the relative humidity (RH) of the air. A reduction of RH in the winter leads 

to the rapid drying of wood. The wood moisture at the surface reach the same level of the 

surrounding moiture within minutes, while the moisture exchange in the bulk interior 

occurred via diffusion which is not occurred fast (Niemz and Gereke 2009). 

This resulted in technical problems in wood gluing when 1C-PUR resin used. PUR resin 

demands water for hardening, which is insufficient when wood is dry. Sometimes, extra 

water is praying onto the glued wood surface to compensate for the reduction of RH 

during winter. The internal stress in the wood causes the wood deformation, due to 

moisture gradients. the thicker the glued wood. the higher pressure required to 

compensate for the sample deviation.  

Grain angle: The effect of grain angle on the penetration behaviour of adhesive into wood 

was investigated by Hass (2012). The mechanical strength was influenced by grain angles 

where the wood failure percentage of glued wood bond under stress was appeared. 

Density: variation in density within annual rings or between early wood and late wood 

can be found, mainly in coniferous wood species (Lanvermann 2014). The bulk density 

can be different between species, even within a single tree. The morphological structure 

of ring-porous hardwoods, ash or oak, varies significantly from that of diffuse-porous 

hardwood species, beech and birch (Arnold et al. 2019). Therefore, the adhesive bond 

performance behaves differently based on the morphology differences. Generally, 

softwood has lower density than hardwood, as a result, lower mechanical strength and 

swelling/shrinkage. This results in lower shear stresses in the bond line during the service 

life. This is clearly proved when testing adhesive bond in dry condition or after immersing 

into water. In addition, the low mechanical resistant of softwood leads to a higher rate of 

wood failure when gluing these lower density species (Hänsel et al. 2022). Thole (2017) 

found that there was no direct correlation between wood failure ratio and lap shear 

strength in beech wood LVL. In addition, the expand of wood breakage did not provide 

any signal for expected strength of the adhesive bond. The performance requirements for 

hardwood species can not be easily applied on softwood, due to the higher native strength 

of hardwood. Wood surface characteristics include weak boundary layers, surface 

inactivation, chemical heterogeneity, and processing impacts, particularly aging, 

machining, drying (Gardner 2006). Studies of the bond quality (Christiansen 1990, John 

1980) show the importance of freshly prepared, clearly cut wood surfaces, leading to form 

uniformly thin bondline 
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1.4.1.1 Mechanical damage at the wood surface 

The damaged wood adjacent to the bondline forms the mechanical weak boundary layer 

(NWBL) which can be repaired by resins (Bikerman 2013). Even with an attempt to make 

a “perfect” surface, planners or veneer peelers induces cells to be rushed or torn. For this 

reason, sanding must be used on the surfaces prior to gluing. The freshly prepared surface 

is more applicable on surfaces of particleboard and fiberboard to remove the surface layer 

that is overdried or over cured and with high wax content.    

1.4.1.2 Surface Chemistry Barriers to Bonding 

A chemical weak boundary layer (CWBL) restricts bond formation. Methods that are 

sensitive to chemical properties are required. Wood species contains a large amount of 

nonpolar extractive are generally hard to which improve the natural resistance of wood 

to biotic agents. However, the hydrophilic properties of wood surface decreases over time 

which limits the spread of water-based adhesives. Most tropical wood species and some 

domestic wood species containing high extractive are difficult to glue (Zeppenfeld and 

Grunwald 2005, Frihart et al. 2021). The quantity and chemical structure of the extractive 

in heart and sapwood are different, resulting in different bond performance. Oak (Quercus 

sp.), black locust (Robinia sp.), and ash (Fraxinus sp.) are identified in gluability 

Variation, due to the variation in extractive contents (Lüdke et al. 2015, Konnerth et al. 

2016, Bockel et al. 2019, Bockel 2020). A fresh planned surface reduces contact angle 

(between wood and waterborne resin) and provides better wettability. If wood contains a 

large amount of extractive, an adhesive application immediately after fresh planned 

surface is required. 

 

The standard analytical method of assessing surface wettability is contact angle with 

water, polar liquids, or the resin. A low contact angle implies that surface tension of the 

solid is higher in relation to the liquid. The low angle is also showing the liquid will make 

molecular scale contact with the wood. The perfect interfacial strength takes place when 

the surface energies of the wood and adhesive are the same. The rate that adhesive 

penetrate into a capillary such as lumen is influenced by contact angle. If a contact angle 

is too high, the proper wetting and spreading of liquid was not occurred. In a case of 

proper wetting, further reduction in contact angle induces overpenetration and/or 

distribution of the resin over too large an area.  
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Many factors that are probably influenced to the gradual loss of surface energy at the 

wood surface are determined. The first possible factor is that the movement of extractives 

such as resin and fatty acids and their esters, waxes, sterols and terpenes to the wood 

surface. Adhesives with a high pH were recommended to use for wood containing a high 

level of extractives on the surface. There could also be chemical changes to the molecules 

on the surface like oligosaccharides, phenols and tannins moving to the surface. There 

are not only lowering surface energy, but also hinder the cure of the resin, by dissolving 

in the resin. Very acidic woods like oak is not very critical to bond if the resin is strongly 

buffered. Moreover, a fresh and high energy surface absorb contaminants from the air 

which decrease surface energy. Overtrying of wood (veneer for plywood LVL oriented 

strandboard fakes) is the second possible factor in which surface inactivation occurs. 

Physical effects along with the degradation of the mechanical properties of the surface 

layer, and blocking of surface cracks, thus decreasing surface area. Chemical changes are 

the movement of hydrophobic wood ingredients to the surface. Oxidation, molecular 

rearrangement of various functional groups on the surface and elimination of hydroxyl 

groups are as a result of chemical modification. The third possible factor is a time of year 

that a tree is harvested. Freshly cut wood harvested in winter provides difficulty for 

bonding, due to high contact angles from high levels of extractive.  

 

Adhesion technology is one of the most important surface phenomena in which glued 

solid surfaces remain attached to each other. Understanding adhesion phenomena requires 

extensive studies because it’s not belonging to single area or science but it comprises of 

many in particular macromolecular science, physical chemistry of surfaces and interfaces, 

materials science, mechanics and micromechanics of fracture, and rheology. 

Four main theories which explain adhesion phenomenon are as follows:  

1. Mechanical interlocking theory. 

2. Diffusion theory.  

3. Electronic theory.  

4. Adsorption/specific adhesion theory (Pizzi 1994). 

 

Mechanical interlocking theory was first introduced by MacBain & Hopkins (1925). The 

theory was emphasizing on mechanical performance of cured adhesive into enclosed 
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spaces (micro and macro scales) of substrate. This theory was not supported by many 

who had proved that satisfactory adhesion can be formed by smooth surface (without 

porous) (Israelachvili & Tabor 1972). For supporting this theory, lots of studies 

demonstrated that the bonding strength increased with an increase in surface roughness, 

that is to say, more penetration into substrate. These results primarily were not found to 

be matched completely when wood was involved as substrate. A large amount of adhesive 

was required when the surface roughness values was increased. This eventually led to 

weaknesses in bond strength. The starved edges, as a result of over-penetration of 

adhesive into wood cells, were the reason behind. As mentioned, the higher the level of 

surface roughness, the higher the adhesive utilization. However, with such a high price 

of adhesive nowadays, the quantity of adhesive on surface was of great importance for 

wood applications. Despite of the fact that the mechanical interlocking theory had 

provided strength in bonding, it was not only a crucial factor for bond strength (Pizzi 

1994).  

Diffusion theory: The second theory was presented by Voyutskij (1963) at the beginning 

of 1960s. The distribution of polymer molecules of both adherent and adhesive was 

occurred in interface area. The polymers were become close to each other with the 

purpose of solubility. The theory was called ‘‘diffusion’’. For being dissolved, first of all, 

the rate of solubility parameters should be nearly the same. It’s crucial to note that the 

numbers of adhesives had different degree of solubility parameters close to wood 

polymers or far too much from them (Urea or phenol formaldehyde). Secondly, 

amorphous polymers were demanded for solubility.  

Therefore, the crystalline portions of cellulose were not able to take part in solubility 

phenomenon. Hence, it’s apparent that all parts of wood components had not behaved the 

same concerning diffusion theory. The bonding join strength was relied firstly on intimate 

contact in interface area and the weight of resin molecular. With regards to diffusion 

theory, ultimately, inter-diffusion was not possible in the situation where crosslinked 

polymers and extremely crystalline portions were found (Pizzi, 1994a).  

Electronic theory: the third one was proposed by Derjaguin & Smilga (1967). When 

adhesive was kept in contact with substrate, an electron transfer was occurred. That was 

because of the opposite electrons which were setting in each material. However, the 

electronic forces built through interface were supposed to be a reason for adhesion. 

Disapproval was expressed by scientists who declared that the motion of electron from 

one surface to other was very fast and was not very slow process to able to create 
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adhesion. A questionable assumption was made by scientists who stated that these 

electronic forces maybe contributed to initial adhesion. For wood bonding, this theory is 

inapplicable. There was not empirical evidence to show electronic theory was responsible 

for an adhesion phenomenon when wood was used (Pizzi 1994). 

Adsorption theory: Adsorption theory was defined as forces which actually exist between 

substrate and adhesive as a result of atomic and molecular attraction. The theory was 

generally approved and widely recognized in adhesion phenomenon. There were two 

types of forces; primary (ionic, covalent and metallic bonds) and secondary forces 

(hydrogen band and electrostatic forces). These forces were acceptable equally based on 

adsorption theory. But in wood bonding, nonetheless, an incorrect opinion was expressed 

for separation between primary and secondary forces. The separation was not actually 

proper. Both attractive forces were two features of adsorption theory (Pauling 1960, 

Patrick 1989).  

The model of interaction secondary forces between resin (phenol and urea formaldehyde) 

and crystalline- amorphous region of cellulose in interface region was designed and 

theoretical forces were measured. It was revealed that by altering parameters in resin 

preparation to desire degree, an adhesion improvement between resin and cellulose was 

resulted (Pizzi & Eaton 1987, Pizzi 1990). This outcome and other parallel findings 

emphasized that the secondary forces in adsorption theory were significant factor in 

adhesion phenomenon.  

As mentioned before, primary forces were subdivision of adsorption theory. However, 

for being clear, the definition was mandatory. Forces were created by covalent chemical, 

ionic and metallic coordination bond in interface areas known as primary forces. Initial 

reactivity between resin and substrate was not easily obtained (Pizzi 1994).  

It was significant to accept several numbers of modifications to get strong covalent bond 

like adding reactive groups to resin or substrate. In fact, the primary chemical reaction in 

interface areas was taken place intrinsically or under a certain condition (modification). 

Examples for those react naturally were polyurethane adhesive and epoxy-based primer 

which proved by Klein et al. (1983). 

Primary chemical bonds did not exist in wood adhesion under normal circumstances as 

Johns (1989) was demonstrated in his research. Pizzi et al. (1993) and Frisch et al. (1983) 

indicated that there was not covalent bond under usual condition between isocyanate 

group and wood surface components when they were in contact with each other. It was 
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neglected the high reactivity rate between isocyanate and water. Thus, because of small 

amount of water in wood, the small proportion of covalent bond may be generated. 

Further examples can be provided to ensure the accuracy of John’s findings. The first one 

was that the methylene groups in adhesive (urea, Melamine and phenol formaldehyde) 

was able to react rapidly with wood components (hydroxyl groups and aromatic nuclei) 

when they were in exposure to high temperature. The second one illustrated that the 

covalent bond was not formed in normal condition when urea formaldehyde was applied 

as adhesive to wood surface. Adjusting PH value of urea formaldehyde in particular 

condition leads to form covalent bonds. Covalent bond is mainly discussed in the text 

above. Ionic and metallic coordination bond were not involved. Wood treated with 

copper-chromium-arsenate (CCA) can be considered as example for metallic 

coordination bond. In reality, Copper reacts with chemical structures in lignin and form 

stable bond. 

The strength and stiffness of wood products increases by effective adhesive transfer and 

distribute loads between components. The efficient load transfer is attributed to the 

strength of the chain links from one member to another across the wood adhesive bond 

(Figure 3). Therefore, the interaction of the complex factors that connected to the 

properties of the individual links can determined the performance of a bonded joint during 

product assembly (Frihart and Hunt 2010). 

 

Figure 3. Links between adhesive and wood bond using the schematic from Mara (1980). Link 1: 

Adhesive layer, Link 2 and 3: adhesive interphase layer, Link 4 and 5: adhesive wood interface, Link 6 

and 7: wood interface layer, Link 8 and 9: wood layers 
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Adhesive classification: There are two classification methods; classification by curing 

method and adhesive origin. Classification by curing method contains parts; one-part 

adhesives is including epoxies, polyimides, acrylics, urethanes and cyanoacrylates which 

are able to cure by heat application, UV light and moisture or pressure. Moreover, two-

part adhesives are curing when two or more components are mixed and constitute a 

chemical-cross link reaction of the polymer molecule.  

Base on adhesive origin, wood adhesives are mainly grouped as naturel and synthetic. 

Pre-polymers or polymers obtained from petrochemical material are called synthetic. 

Wetting wood surface is possible only by the liquid shape of resins or as water solution. 

Curing is occurred by the support of heating or crosslinking. Setting is started to happen 

just with cooling the polymers melted or water evaporation (Ebnesajjad 2008).  

Synthetic adhesives itself are categorized as thermosetting and thermoplastic based on 

their polymer behaviors after curing or setting. Thermoplastic adhesives are required 

cooling to room temperature after being in the exposure of heating through softening. In 

contrast, thermosetting adhesives are not softening by heating and they form crosslinking 

through curing (Conner 2001). Numerous important Examples for thermosetting 

adhesives are represented as follow: 1) Phenol formaldehyde (PF) is one the most 

important adhesives used for exterior wood applications including plywood mostly 

produced from softwood (White 1995, Knop & Pilato 1979). 2) Urea formaldehyde (UF) 

is annually manufactured around 1’000’000 ton and 5% of its application is belong to 

hardwood plywood utilized in interior atmosphere (White 1995). It has been used 

predominantly all over the world because of some advantages especially low cost, water 

solubility, great thermal properties, resistance to biological attack, hardness and easy to 

apply on wood surface. Alongside these advantages, there are disadvantages also. UF 

adhesive is not resistance to moisture like PF. This can be a great issue for using in 

exterior applications. Due to the moisture-resistant property of phenolic compounds, PF 

adhesives is used for exterior application (Rowell 2005).  

In general, formaldehyde-based adhesives are releasing formaldehyde which is harmful 

and requires more consideration during production in wood industries (Meyer & 

Hermanns 1986). Another term for thermoplastic adhesives is hot melt, too. Examples for 

thermoplastic adhesives can be Polyvinyl Acetate (PVAc) and Ethylene Vinyl Acetate 

(EVA). 
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Natural adhesives are derived from natural sources. For a long time, in the past, the 

utilization of natural adhesive namely animal, soy, and casein and blood-based adhesives 

(known as proteinaceous adhesives) was common. However, with the advent of synthetic 

adhesive in the mid twentieth centuries their utilization was limited to some extent. 

Frequently usage of synthetic adhesives was resulted in an increase in cost. Hence, the 

tendency for using natural based components such as carbohydrate, tannin, Lignin and 

etc. was initiated again. There are several disadvantages resulted from the proteinaceous 

adhesives in contrast to synthetic adhesives. Proteinaceous adhesives are not resistance 

to microorganism attack and moisture (Ebnesajjad 2008).  

Poly vinyl acetate (PVAc): PVAc is linear and thermoplastic polymer which is an 

excellent alternative to replace some other adhesive containing formaldehyde. As a wood 

adhesive, utilization of PVAc is effortless as it is water soluble, biodegradable with 

excellent chemical resistance and has no toxic action on human body. The main 

advantages of this wood adhesive that it does not need high temperature for curing. But 

it has a drawback and poor performance toward humid condition at elevated temperature. 

So, to overcome these problems and increase the performance of PVAc two approaches 

have been used 1) Copolymerizing vinyl acetate with more hydrophobic monomers or 

functional monomer (Qiao et al. 2011) 2) blending PVAc with other adhesives and 

hardener (Qiao and Easteal 2001, Kaboorani and Riedl 2011) 

Jiang et al (2018) conducted a study in which he used commercial polyvinyl acetate and 

starch adhesive were mixed with dicarboxylic acid with cellulose nanofiber. By adding 

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

 

The effect of penetration on bonding performance has been the object of important 

investigations for several decades (Figure 4). Penetration in combination with other 

factors such as cohesive strength, and covalent and secondary chemical bonding affects 

bonding performance in some adhesives. Indeed, stress can be distributed evenly through 

interface areas when the curing stage of adhesive was occurred (Nuryawan et al. 2014). 

It’s still under discussion that the bonding strength performance is affected more by cell 

wall penetration or cell lumen. The ideal penetration depth for bonding strength is 

unidentified. The effect of different penetration depths on shear bonding strength was 

investigated by Suchsland (1985). The final results proved that there is no relationship 



   

 30 

between penetration and shear bonding strength. Failure which is occurred in bonding 

strength maybe arises from over-penetration or under-penetration.  

 

 

Figure 4. X-ray computed tomography (XCT) slice showing a bondline made using latewood loblolly 

pine and the 135-min BrPF resin a before and b after segmentation. (Jakes et al. 2019). 

 

The percent of wood failure during shearing test was different in latewood and earlywood 

cells of Douglas fir. Because Tracheas were responsible for mechanical properties of 

wood. When only the earlywoods were involved in shear test, 100% wood failure was 

occurred. In reference to latewood, the failure was detected in bulk adhesive and the 

percent of wood failure was 10%.  

In contrast, in Beech wood, various wood failures were not found in latewood and early 

wood cells (Gavrilovic et al. 2012). Another remarkable research was performed by Ivana 

demonstrated that there was the opposite relationship between the viscosity of UF 

adhesive and shear strength of beech wood. The more viscosity, the less penetration, and 

at the end the lower shear strength would be resulted. This can be explained by 

mechanical interlocking theory or reinforcing the interface areas of wood by penetration.  
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The Mechanical properties of wood-based panel have been influenced by the cell wall 

penetration of UF adhesive. As a matter of fact, higher elastic modulus and hardness were 

achieved by the existence of UF adhesive into cell wall (Stöckel et al. 2010, 2012). Cell 

wall penetration provided dimensional stability and also recovered damage cell walls 

during surface treatment (Lizhe et al. 2016). Penetration into cell walls was specialized 

for adhesives with low molecular weight as discussed before (Konnerth et al. 2008).  

 

 

Cutting speed can be defined as the rate at which the laser passes through materials per 

minute. The high speed decreases the laser exposure time to a material. When the cutting 

speed decreased, the material removal and cutting edges declined as well. If the thickness 

of a workpiece is high, the low cutting requires in cooperation with the laser power (Lum 

et al 2000, Barnekov et al 1986, Yusoff et al. 2008) 

 

A coaxial gas-get nozzle system is responsible for three functions:  

1) Vaporized products are removed from the cut area, for instance; carbon dust and 

exhaust smoke, resulting in protecting the lens. 

2) Controlling excessing burning by remove ignition at which a high air speed 

induces to handle wood vaporization. 

3) Increase the cutting located below the lens focus. 

The gas-jet system is attributed to the characteristics of the nozzle, to the nozzle hole’s 

diameter, to nozzle standoff distance, and to the type of gas (Peters and Marshall 1975, 

Szymani and Dickinson 1975, Barnekov et al. 1986). 

The more common nozzles in laser cutting of wood is convergent nozzles (Li and 

Mazumder 1991). Mukherjee et al. (1990) reported that the use of a supersonic nozzle 

resulted an increase of 50% in cutting speed (4.6 m/min) when a basswood had a thickness 

of 25.4mm. The standard nozzle resulted in a low cutting speed, 3m/min. However, there 

were no changes in the surface quality of the cut surfaces, charring and kerf with.  

The laser beam should be mainly placed exactly at the centre of the nozzle hole, which 

has a diameter of 1mm. MDF was cut successfully with a nozzle diameter of 1.5 mm and 

https://link.springer.com/article/10.1007/s00226-017-0914-9#ref-CR30
https://link.springer.com/article/10.1007/s00226-017-0914-9#ref-CR42
https://link.springer.com/article/10.1007/s00226-017-0914-9#ref-CR3
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paper was cut with a nozzle diameter of 0.2mm. Increasing the nozzle dimeter declines 

the gas pressure (Li and Mazumder 1991, Eltawahni et al 2011, Hovikorpi et al. 2004) 

The standoff distance, known as standoff position, rarely affects the laser cutting process. 

In fact, using a standoff distance of 1mm can perfume successfully wood and paper 

cutting (Quintero et al. 2011).  

The type of gas and the pressure can influence on the penetration depth, feed speed and 

quality. The cheap clean compressed air already brings fairly satisfactory results (Peters 

and Marshall 1975, Powell 1998, Lum et al. 2000) 

 

The distance between the converging and the diverging laser beam is related to focal point 

position at which the energy of the bundled laser light is highly concentrated. The three 

focal point position are defined: 

a) Above the work piece surface. 

b) Slightly above the workpiece centre. 

c) On the workpiece surface (Barnekov et al 1986) (Figure 3). 

 

Figure 5. Focal point positions on the workpiece 

 

When the focal point was above the workpiece surface, energy density declined. In this 

case, the wide kerf width and high charred surface resulted. By positioning the focal point 

on the surface, the maximum surface energy density achieved. The uniformity of energy 

density was occurred once the focal point is at or slightly above the workpiece centre, 

resulting in smooth surface with less charring (Barnekov et al 1986, Hovikorpi et 

al. 2004). Eltawahni et al. (2013) analyzed the possibility of focal point position at the 

https://link.springer.com/article/10.1007/s00226-017-0914-9#ref-CR30
https://link.springer.com/article/10.1007/s00226-017-0914-9#ref-CR34
https://link.springer.com/article/10.1007/s00226-017-0914-9#ref-CR21
https://link.springer.com/article/10.1007/s00226-017-0914-9#ref-CR16
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workpiece bottom. The kerf width at the upper side of the workpiece was higher than the 

rest part. The focal point positions are not an issue at which thin materials are used, except 

for precision. An A-shaped cutting kerf was resulted as a consequence of placing focal 

point above the workpiece surface. In contrast, placing the focal point below the 

workpiece surface generated a V-shaped. For paper materials, with a thin thickness, the 

focal point should be between - 0.2 mm and 0.2 mm to reach the narrowest kerf width 

(Malmberg et al 2006). 
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2 Materials and methods 

This chapter discusses the selected wood species and adhesive type used in this study. 

Detailed information about the CO2 laser process, the selected processing parameters 

(cutting speed, gas pressure, focal point position) is provided. The methods required for 

chemical and physical analysis of laser cut surface, including contact and contactless 

(laser) devices, contact angle measurement, Fourier-transform infrared spectroscopy 

(FTIR), Scanning Electron Microscope (SEM) are also described. In addition, the specific 

information on the glued laser-cut samples, glued shear test, bondline failure, adhesive 

penetration, numerical calculation of shear model based on the experimental result are 

provided.  

 

 

Defect-free beech (Fagus sylvatica L), Oak (Quercus robur L), spruce ((Picea abies L) 

and Larch (Larix decidua Mill.) wood was selected for the specimen test. The species 

were harvested from the Vysočina region in the Czech Republic and purchased from 

Wood Store ® company, Czech Republic. The properties of the species are provided in 

Table 1. The boards were cut into pieces with a dimension of 50 cm × 25 cm × 3 cm 

(length × width × thickness) and conditioned at 8%, 12% and 18% and above fiber 

saturation point.  

Table 1. The average properties of three wood species (Konnerth et al. 2016). 

 

 

European 

beech 

(Fagus 

sylvatica L.) 

European 

spruce 

(Picea abies 

(L.) Karst.) 

European Oak 

(Quercus robur 

L) 

Larch 

(Larix 

decidua 

Mill.) 

Mean Density 

[g/cm3]  

 

0.743 

(0.026) 

 

0.445  

(0.028) 

0.698  

(0.0230 

0.632  

(0.06) 

Moisture 

content (%) 

12.52  

(1.17) 

12.74  

(0.7) 

11.39  

(0.45) 

11.55  

(1.24) 

Tensile shear 

strength 

(N/mm2) 

8.5 - 12.1 6.5 -7.7 7.9 -10.3 7 - 8.3 
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Polyvinyl acetate (PVAc), Polyurethane (PUR), and two-component emulsion polymer 

isocyanate (EPI) were used for gluing of the the laser-cut samples. The technical 

specification of the resin adhesive is shown in Table 2. The adhesive was applied 

manually with a roller on the wood sample surfaces, with a range of 150 - 180 g/m2 for 

PVAc.  

Table 2. Technical parameters of the selected adhesives 

 PVAc PUR EPI 

Viscosity (mPas) 
5000-7000  

(at 23 ° C) 
6000-19000 

3500  

(5000 with 

hardener) 

Working time 

(min) 
15-20 15-20 7-12 

Density (g/cm3) 0.9-1.1 (at 23 ° C) 1.16 1.15 

Open time (min) 15 15 12 

 

 

 

CO2 laser machines from two companies, BLT WoodCut, and TRUMPF®, Czech 

Republic, were used to cut the wood pieces. The wood pieces were conditioned at 8%, 

12%, 18% and above fibre saturated point before laser cutting process. Laser beam cut 

the pieces in the direction parallel to the grain, even there was a possibility to cut in the 

perpendicular direction. The aim of cutting along the grain is to assess the glued tensile 

shear strength. The resulted laser-cut samples have a semi-dark surface on the tangential 

section. The selected processing parameters of CO2 laser are provided in Table 3. 
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Table 3. Applied processing parameters of CO2 laser on the wood species 

 

BLT WoodCut Comany TRUMPF® Company 

Cutting speed 

(m/min) 
3 3 3.5 

Focal point position At 1/3 of the workpiece 

from top surface 

At the centre of the workpiece 

At the top of the workpiece 

Laser power (W) 5000 3200 

Gas pressure (bar) - 17 21 

Nozzle diameter 

(mm) 
2.7 2.7 

 

 

2.2.2.1 Scanning Electron Microscopy (SEM) 

SEM, made in Germany (Leica SM 2000R, Leica Biosystems Nussloch GmbH), Czech 

Republic, Brno (Tescan Orsay Holding) and the USA (Thermo Fisher Scientific, 

Hillsboro), was used to investigate the anatomical structure of laser cut surface. The 

changes in O/C ratio on the laser cut surface and the layers below the surface were also 

investigated by SEM.  

2.2.2.2 Fourier transform infrared spectroscopy (FTIR)  

FTIR, made in Czech Republic (Nicolet, Křelovická), was used to investigate the 

chemical degradation occurred in the laser cut surface.  

2.2.2.3 Contact angle measurement  

Contact angle device, made in Germany, Humburg (Krüss), was used to measure the 

degree of angle drop, PVAc resin, on the laser-cut samples (Figure 6). 
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Figure 6. Contact angles of PVAc resin 

 

2.2.2.4 Surface profile measurement of the laser cut surface 

The surface profile measurement was carried out by two different methods on the laser-

cut samples; 1) a contact device using a contact tool (Form Talysurf 50 Intra, England) 

2) A contactless device (Olympus, Japan) (Figure 7). The average waviness (Wa) and 

the average roughness (Ra) were obtained by filtering surface profile. 

 

 

a 
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Figure 7. Two methods of surface profile measurement; a) contactless method, b) contact method 

 

 

 

2.2.3.1 Tensile shear strength of the glued laser-cut samples 

After applying PVAc resin, the tensile shear test on the glued laser-cut samples was 

performed by using a universal testing machine equipped with a video extensometer 

(INSTRON® 5882, NORWOOD, USA) and other universal testing machine UTS 50 

(TIRA, Germany) was also used (Figure 3). 

  

Figure 8. Tensile shear test of the laser-cut samples performed by a universal testing machine 

equipped with a video extensometer (left) and without a video extensometer (right) 

 

2.2.3.2 Numerical calculation of the glued shear model  

Based on the load and displacement of the data obtained from extensometer’s software, 

the numerical analyses were carried out. The knowledge of Elongation model of overlap 

Range: 1mm (0.039 in) 

Tip Radius: 1.5 - 2.5µm 

Stylus force over full range: 70-

100mgf (0.7 - 1mN) 

Enter 12mm bore to depth of: 

12.7mm 

Measurable depth of recess: 5mm 

b 
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joint was necessary to obtained the linear elasticity, the surface of the cross section, the 

internal load of the glue line. The assumption was that the module of linear elasticity, the 

surface of the cross section and internal loads of cladding were equal. By considering 

only loads in the cladding, and by calculating the elongation of the cladding, the module 

of linear elasticity of glue line 𝐸𝑔 (MPA) was computed by assuming that the Poissons 

ratio is equal to 0.3. The results of analytical calculations were verified by the method of 

finite elements. 

Wood material data was calibrated using standard Abaqus tools. 𝐸𝑔 (MPA) adhesive weld 

modules for individual types of connections were calculated. A method of non-linear 

calculations was used. The given extension 𝑑𝐿 forced the load values (mm) obtained 

based on experimental tests. The sample was immobilized by assigning freedom levels 

adequate to the experimental tensile test. The weld and cladding were modelled with the 

use of C3D8R elements (an 8-node linear brick, reduced integration, hourglass control, 

the total number of nodes: 71778, total number of elements: 54120). Quicking was made 

on the commercial version of the Abaqus v. 6.13 (Dassault System Simulia Corp. 

Providence, RI, USA). The correctness of the model calibration is presented in the form 

of numerical calculations and their comparisons with the results of experimental research. 

The method of measuring the elongation of the connection appropriate for elongations in 

the mathematical model. The results of all measurements were collected and compiled in 

the form of stress and deformation accounts, as well as calculated modulus of glue lines. 

2.2.3.3 Failures in the bondline after shear test  

Adhesive, cohesive and wood failure occurred in the bondline of the laser-cut samples 

after shear test were determined visually.  

2.2.3.4 Scanning Electron Microcope (SEM) 

SEM, made in in Germany (Leica SM 2000R, Leica Biosystems Nussloch GmbH), Czech 

Republic, Brno (Tescan Orsay Holding) and the USA (Thermo Fisher Scientific, 

Hillsboro), was used to investigate the penetration behavior of PVAc resin into porosity 

structure of the beech and oak wood. Elemental analysis of the bondline after shear test 

was also determined by energy dispersive X-ray (EDX) spectrometry.  
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2.2.3.5 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 

determines 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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3 Synthesis of acquired knowledge 

This chapter shows the summary results of the dissertation published in a professional 

publication during the doctoral study. The PhD dissertation consists of five articles: three 

first-author article and two second author article. One first author article and two second 

author article have been published and two first author articles is submitted (under 

review). The first part of the results focuses on the glued tensile shear strength of the 

bondline made of the laser-cut wood (beech and oak species) (section 3.1). The second 

part compares the contact and contactless method for measuring surface quality on the 

thermally modified spruce wood (section 3.2). The third part is dealing with the 

morphology and anatomical structure of laser-cut samples (3.3). The forth part is 

investigating the characteristics of the bondline made of laser cut wood (beech) (section 

3.4). The fifth part is investigating the shear bondline strength under the  

The quality of the wood-adhesive bond is highly depended on the properties of wood and 

adhesive along with the production processes. If one of the bondline elements (adhesive 

or wood) become change, due to surface or adhesive preparation, the bondline strength 

become affected. 

Article no. 1 (Milan Gaff, Fatemeh Rezaei et al.  2020) shows that the shear strength of 

the glued laser-cut samples (beech and oak) decreased, compared to those of milled 

samples. This research shows that the percentage of adhesive failure was higher than the 

percentage of wood and cohesive failures. This research demonstrates the degradation of 

laser-cut surface with lower moisture content was higher rather than that of with higher 

moisture content. The current study shows also that the surface quality (Wa and Ra) of the 

laser-cut surface was lower (measured by contact method) rather than that of milled 

surface.  

Article no. 2 (Fatemeh Rezaei, Milan Gaff et al. 2020) compares the two methods (contact 

and contactless) of surface quality measurement. In this research, the average surface 

roughness and waviness were obtained by two methods on the thermally treated spruce 

milled with different processing parameters (cutting speed, rate angle and feed speed). 

More accurate results obtained by contactless method was proven, compared with contact 

method.  



   

 42 

Article no. 3 (Fatemeh Rezaei, Rupert Wimmer et al. 2022) shows the anatomical 

structure and surface quality of the laser-cut samples with different CO2 processing 

parameters; cutting speed, gas pressure, focal point position. This research demonstrated 

that the average roughness values of the samples cut with high and low cutting speed did 

not change, however, the structural integrity of the laser-cut samples (cross section) with 

a high speed showed a better result. Replacing the focal point position from top to the 

centre of the workpiece provides rougher surface and reduce the structural integrity. This 

paper represents the higher gas pressure resulted in smoother surface rather than that with 

lower gas pressure.  

Article no. 4 (Fatemeh Rezaei, Gaff Milan et al. 2022) shows the bondline characteristics 

made of laser-cut samples. This paper discusses that the contact angles between PVAc 

resin and laser cut surface is lower than those at sawn surface. The penetration behavior 

of PVAc resin into the porosity structure of laser and sawn cut was the same. The 

chemical degradation was occurred on the laser cut surface mainly in hemicellulose and 

lignin. The numerical calculation of the shear model was the same as the experimental 

shear model.  

Article no. 5 (Miroslav Gašparík, Fatemeh Rezaei et al. 2022) showed that the glued 

tensile shear strength of the samples cut by a tool (larch and spruce) was not affected 

under alternating different freezing and high temperatures. This paper represents that 

although there were variations in moisture content of the glued samples when subjected 

to alternating freezing and high temperature, the glued tensile shear strength remained 

unchanged, compared to that without conditioning. 
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The gluing properties of the bondline made of laser cut wood (non-contact) was lower 

than those cut by contact tools (milling, planning, saw, etc.). To find out the reasons, 

the physical and chemical analysis of the laser cut surface along with the characteristics 

of the bondline were investigated.   

The surface quality cut by contact and non-contact tool: At the beginning, to investigate   

the surface quality of the laser-cut samples, a contact method (a stylus tip) was used. 

Later, following the arrival of non-contact method (confocal microscope), the research 

was conducted by using only confocal microscope. No studies have been found to prove 

which method provides more accurate and reliable data. A research study was carried 

out to compare the two methods. Confocal microscope was proven to have more 

accuracy than a stylus tip. Hence, the surface quality of the laser-cut samples was 

measured only using the confocal microscope.  

The quality of a cut surface is depending on; a) machining tools and the cutting 

parameter used b) wood’s anatomical structure and properties such as moisture content, 

density, and anatomical structure (vessels, fibres, ray cells). The accuracy of the 

measuring method is also quite important to provide an accurate wood surface profile. 

 

Wood cutting tools and measuring methods of surface profile: It was assumed that the 

surface subjecting to laser energy provides a smoother surface than surface cut by a 

contact tool. The assumption covers the idea that the wood surface structure melts down 

and induces smoothness. At the beginning, when using a stylus tip, the hypothesis was 

accepted, later, when using a confocal microscopy, the hypothesis was rejected. The 

average surface roughness (Ra) of laser-cut samples measured by a stylus tip was lower 

than samples cut by the tools. In opposite, the Ra of the laser-cut samples measured by 

confocal microscope was higher than those cut by the tools. The confocal microscope 

can measure the deeper valleys and peaks with the lower radios than the stylus tip. 

Therefore, the results of the confocal microscope are more precise and reliable than 

those measured by the stylus tip. The higher Ra of the laser cut surface can be related to 

charring at which the distribution rate was not uniform. Even the wood samples were 

securely anchored before laser cutting, the traces of wood vibration on some samples 

were also observed. The processing parameters of the laser-cut samples measured by 

two different methods were different, as a result, leading to the formation of new surface 

profile.  
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Moisture content: The wood samples conditioned to different moisture content (MC) 

before cutting can influenced cutting parameters and leading to a new surface profile. 

The exact model of Ra was not possible to determine for the laser cut surfaces with high 

and low MC. The laser cut surface of beech was rougher at higher MC than the surface 

at low MC. In opposite, by changing the wood species, oak, the laser cut surface at high 

MC was smoother than the surface at low MC. The rougher laser cut surface of beech 

was resulted at almost high MC (18%) rather than the surface at low MC. The 

interaction of MC with processing parameters (gas pressure) could affect the Ra. 

Processing parameters of laser cutting: The optimization of CO2 processing parameters 

and the intimate interaction with material properties can be resulted in acceptable 

surface profile for further application process such as gluing and coating. The high and 

low cutting speed was not affected on the Ra. It is quite interesting to recognized that 

the interaction of MC with processing parameters could significantly affect on the Ra. 

The samples at 8% MC cut with using high gas pressure provided smoother surface 

rather that the samples cut with lower gas pressure at the same MC. This result is 

difficult to interpreter, due to the resulted surface is generated based on several factors 

and their interactions. Positioning focal point on top at samples conditioned at 12% MC 

was resulted as a better Ra. There is still unknown whether the rougher surface or 

smoother surface provides a better wood adhesive bond. If resin penetrates so much 

into wood structure, due to rougher surface, the bond strength reduces. However, with 

smoother surface, sometimes, the bondline penetration only created and wood around 

bondline has less interaction with the resin, may leading to a low bond strength.  

The anatomical structure of the laser-cut samples: The anatomical structure of wood 

may damage physically when wood proceed by a contact tool. However, there were no 

evidence to show how would be a wood anatomical structure after laser cutting. The 

anatomical structure of wood can be influenced by CO2 processing parameters, cutting 

speed and focal point position. The hydrophilic property of wood can also play an 

important role in an interaction with the cutting parameters, creating a new form of 

anatomical structure. The anatomical structure of the laser cut surface at low MC (8%) 

was more degraded than the surface at high MC (>FSP). Both oak and beech species 

with a bit different anatomical structure were shown the same behavior. This can be 

explained in the way that with higher moisture content, less burning on the surface 

occurred. A part of laser energy spends for water evaporation. The integrity of the 

anatomical structure of the laser cut surface weaken when a low cutting speed was used. 
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When a low cutting speed applied, the more areas of the laser cut surface becomes 

degraded. However, the degradation of higher molecular weight is depending on laser 

power. The integrity of anatomical structure was affected by focal point position. The 

focal point is the maximum energy of laser which can focus on surface or centre of the 

workpiece (beech). The maximum energy on the surface distributed better in the 

workpiece and resulted in a better integration. The interpretation is required more 

research on thermal conductivity and the specific wood species. The less anatomical 

integrity on the surface means less surface strength when the tensile shear strength was 

applied.  

The chemistry of the surface cut by non-contact tool: The main chemical compounds 

of beech wood were degraded by thermal energy of CO2 laser, based on the FTIR 

analysis. However, the depth of the affected layers (O/C) was mostly observed in the 

first and second layers (50µm each layer). Hemicellulose and lignin are two main 

components that mostly degraded. Therefore, the number of hydrogen bonds which can 

be created between resin and wood reduced. This can be one of the main reasons why 

the gluing properties of laser cut surface lower, compared to that the surface cut by a 

contact tool. 

The characteristics of the bondline made of laser-cut samples are the wetting properties, 

the penetration behavior of the PVAc resin, bondline failure, numerical calculation of 

shear model.   

Wetting properties of the laser-cut surface and the penetration depth of PVAc: the PVAc 

drop was disappeared fast on the laser-cut surface. The charred surface absorbed the 

PVAc drop and held it between the free spaces of a tiny charred particle. As a result, in 

the closed assembly time the penetration of adhesive could not possible. Even pressure 

from cold pressing was applied on the glued laser-cut samples, the bondline penetration 

was resulted. It is interesting that the penetration behavior of PVAc resin into cellular 

structure of the laser cut surface was the same as that of surface cut by a contact tool.  

The better adhesion is achieved by a proper wetting of PVAc resin on wood. However, 

there is still not clear whether or not the adhesion is correlated with high penetration or 

low penetration depth of resin. A high glued strength of wood also achieved with a 

bondline penetration.   

 

Failure analysis in the bondline made of laser cut wood: the PVAc resin was not able 

to properly formed the hydrogen bonds with the chemical compounds of the laser cut 
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surface. The PVAc failure was observed more in the bondline area. The reason can be 

explained by the present of the charred particles on the laser cut surface and mixing to 

the PVAc resin, acting as a boundary between wood and resin. 

The kerf shape of laser-cut samples was curved. Hence, the flat surfaces of the laser cut 

surfaces was not achieved. Even the pressure of cold pressing was applied on the curve 

shapes, the bondline was not form flat. This can be one the main reason which reduce 

significantly the glued tensile shear strength.  

Finally, the tensile shear strength of the glued laser -cut samples was reduced, compared 

to the surfaces cut by contact tool, the main reasons were provided as bellow: 

 

a) The present of charred particles on the laser-cut samples. 

b) The degradation of the wood chemical compounds. 

c) The depth of heat affected zone. 

d) The curve shape of the laser-cut samples. 

e) The disintegration of the anatomical structure of the laser-cut samples. 

 

The glued strength of larch and spruce samples cut by a contact tool exposed to the 

alternating freezing and high temperatures was surprisingly the same as those without the 

conditioning. The changes occurred in the moisture content of the glued samples from 

freezing to high temperature could not impact on the glued strength. The result was 

rejecting the hypothesis at which the glued tensile shear strength reduced by conditioning 

to the varied temperatures (freezing to high temperatures). If the glued strength of the 

samples cut by the saw was influenced by the varied temperature conditions, the glued 

laser-cut samples were also subjected to the alternating freezing and high temperatures. 

Hence, there were no need to test the laser-cut samples under varied temperatures 

conditions. 
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4 Conclusion and future works 

The quality of engineered wood products is highly dependent on the quality of the wood 

cutting process. The current research showed that the tensile shear strength of the glued 

laser cut samples reduced significantly, compared to that of samples cut by the contact 

tools. The quality of the glued strength depends on the quality of the surface, adhesive, 

and production processes.  

The current research showed that glued tensile shear strength of the laser cut samples 

reduced significantly, compared to that of samples cut by contact tools. This support the 

hypothesis at which the tensile shear strength decreased as a result of chemical and 

physical changes occurred on the laser cut surface.  

The surface quality of the laser cut surfaces behaved differently based on the measuring 

method, the processing parameters of the laser, and moisture contains in wood. The laser 

cut surface showed a lower average roughness with the processing parameters of 5000w, 

3m/min, with focal point at one third from top surface, compared to those surfaces cut by 

the tools. This result proves the theory that in comparison to sawn surface, the average 

roughness of the laser cut surface decreases. When the processing parameters changes to 

3200 w, 3 and 3.5 m/min, 21 and 17 bar, focal point at top and centre of the workpiece, 

the average roughness was higher than that of cut by the tools. This disproves the theory 

at which in comparison to sawn surface, the average roughness of the laser cut surface 

decreases. The precision of the confocal microscopy used for measuring the surface 

profile was proven when compared with the stylus tip method. The laser cut surface of 

oak wood was smoother at high MC while the surface of beech wood at high MC showed 

rougher, as compared to the surfaces of beech and oak at low MC. Increasing gas pressure 

and focusing focal point at top surface was provided smoother surfaces of laser cut 

samples rather than those with lower gas pressure and focusing at the middle of the 

workpiece.  

The bondline penetration was observed from both surfaces cut with laser and the contact 

tools. The contact angle of the resin was reducing fast on the charred layer of the laser cut 

surface. However, this is not indicating the higher penetration of PVAc resin. This result 

supports the hypothesis that wetting properties of laser cut samples reduced, due to 

thermal modified laser cut surface. The chemical degradation of the lignin and 

hemicellulose was detected on the laser cut surfaces, support the hypothesis, coming up 

with the chemical degradation of the main wood components exposed to the laser power.  
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The anatomical structure of the laser cut surfaces is influenced by the CO2 laser 

processing parameters and the moisture contains in the wood. The anatomical structure 

of the surfaces conditioned to lower MC degraded as compared to higher MC. The 

structural integrity is better in the sample cut by laser with increasing cutting speed and 

focusing the focal point on top, compared with that of the samples with decreasing cutting 

speed and focusing at the middle of the workpiece. The hypothesis about the anatomical 

structure of the laser cut surface affected by laser power, is fulfilled by this result.  

The findings of the current research are significantly beneficial to wood science in terms 

of the laser cutting process, the cut quality and finally the gluability of the laser cut 

samples. For example, the anatomical structure of the laser cut wood provides a new 

insight in wood biology. Wood scientists can employ the results of the gluability in 

developing a new resin, especially for laser cut surface. The results of laser cut can be 

modelled and optimized by scientists who are interested in laser cutting. This current 

research is greatly beneficial for wood industrial in practice. Cutting wood by CO2 laser 

provides a desirable complicated shape with a short time. Wood industries can save cost 

by removing the sharpening process of tools.  

This research has thrown up many questions in need of further investigation. Further work 

needs to be done to establish whether laser cutting on the softwood species behaved the 

same as hardwood species. Further research should usefully explore how the direction of 

the laser cut in the perpendicular direction vary from parallel direction. Experimental 

investigations are needed to estimate the mathematical model for glued shear strength 

with properties before and after laser cutting. Research in other adhesive systems, 

therefore, an essential next step in confirming the glued shear strength. Experiments, 

using a broader range of coatings, could shed more light on surface properties of the laser 

cut wood. More broadly, research is also needed to determine the diffusion and hardness 

behavior of the laser cut surfaces whereas the product used for exterior purposes.  
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