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ABSTRACT 

One emerging area in wood modification is thermal-hydro-mechanical processing, 
which improves the properties of wood by applying heat, moisture and mechanical 
action; an environment-friendly technique that does not require the addition or lead to 
the emission of substances that can be potentially harmful. Many methods and industrial 
processes are available for transferring heat from the “source” to the wood. The most 
common are radiation, convention, conduction, condensation and dielectric heating. In 
the sphere of dielectric heating, high frequency heating has been extensively used for 
wood because it is considerably faster than other more conventional methods. 
Consequently, the main advantage of using dielectric heating for solid wood 
modification is the shorter processing time. In dielectric heating, electromagnetic waves 
interact with the dipolar water molecules directly inside the wood, so that heat is 
generated throughout the entire volume of the sample. This type of volumetric heating 
has been extensively used in wood products for curing adhesives, but there is an 
unexploited potential for its use in other wood modification processes. The purpose of 
the paper is to present new developments in high frequency heating for wood 
modification, and to discuss the main challenges towards industrial implementation. 
This paper also presents the theoretical basis of dielectric heating, and it discusses the 
advantages and disadvantages for wood. As a case study, this paper presents the 
industrial application of high frequency heating for bending solid wood through a high-
speed open system. Good control of the moisture content in the raw material is 
necessary to prevent electrical discharges and excessive vapour generation inside the 
wood that may damage the cell walls. Other process parameters such as power and time 
must be carefully controlled to achieve an acceptably low rejection rate since the times 
for optimal bending are short. In an economic perspective, this system reduces the total 
cost for bending wood by approximately 50% in comparison with other more 
conventional solid wood bending techniques. As the fixed costs and some variable costs 
of this technology have decreased in recent decades, there are renewed opportunities for 
applying dielectric heating in wood modification and developing more competitive and 
environment-friendly wood products. 
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INTRODUCTION 

It could be said, figuratively, that the origin of dielectric heating is the “Treatise on 
Electricity and Magnetism” written by James Clerk Maxwell in 1873. Maxwell deduced 
the existence of electromagnetic waves by combining electric fields generated by 
electric charges with magnetic fields generated by electricity. Maxwell recognized that 
electric and magnetic fields generate each other when they oscillate, thus creating 
electromagnetic waves that propagate through vacuum at the speed of light. 
 
Electromagnetic waves also propagate through matter, but they then interact with atoms 
and molecules (Loupy 2006). Extremely high electromagnetic frequencies, such as X-
rays for example, have sufficient energy in their photons to remove sub-atomic particles. 
Ultraviolet to visible light frequencies can resonate with the sub-atomic energy levels of 
the electrons, while infrared light frequencies can resonate with the vibration and 
rotation modes of the molecules. For lower frequencies, starting in the microwave 
range, there is sufficient time between oscillations to allow dipolar molecules to reorient 
in the direction of the applied field (Loupy 2006). This induces cyclic molecular rotation 
(or charge redistribution) inside dielectric materials that in turn degrades part of the 
electromagnetic energy into heat. The existence of electromagnetic heating was 
probably known in the 19th century, and by the late 1920s industrial technologies were 
already available to warm up materials with frequencies of around 3 KHz (Bolourian 
2010). Also, in the 1920s the magnetron was invented. This technology allowed 
frequencies higher than 3 GHz to be generated, and it was quickly capitalized in the 
development of radar during the Second World War (Redhead 2001).   
 
Depending on the frequency, dielectric heating can be divided into two technologies, 
namely radio frequency and microwaves. Radio frequencies (defined here as below 100 
MHz) are generated with open-wire circuits and applied between metallic electrodes. 
Microwaves (defined here as above 500 MHz) are emitted from vacuum tubes and 
directed into the materials through metallic tubes called waveguides (Resch 2006). The 
actual frequencies used for industrial radio frequencies and microwave heating are 
regulated to avoid interference. In many countries, unshielded radio frequency 
equipment operates at 13.56, 27.12 or 40.68 MHz, and unshielded microwave 
equipment operates at 0.915, 2.450 or 5.800 GHz (Resch 2006). 
 
According to the literature, wood products were one of the first applications for 
dielectric heating (EPRI 1987). It was first applied in the production of plywood, and it 
became popular after the introduction of synthetic resins for which the polymerization 
(curing) is accelerated by the application of heat. By the late 1980s, there were already 
between 50,000 and 100,000 radio frequency heating installations in the US alone with 
an average power of 10 kW (EPRI 1987). Some examples of applications for wood 
products are edge bonding, edge banding, finger jointing, engineered timber products, 
laminated veneer products, furniture assembly, and particle board production. Factors 
such as the dielectric properties, size, and shape of the materials affect the distribution 
of the electromagnetic field (Tiwari et al. 2011). 
 
In the beginning, most industrial applications were based on radio frequency heating; 
microwave heating for wood products was apparently implemented more recently. 
According to promotional information published by the American Plywood Association 
(Testa 2013), North American wood companies started experimenting with microwave 
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heating in the 1970s while developing a trademarked product known as parallel stranded 
board (parallam). Since then, many other applications for both microwaves and radio 
frequency heating have been proposed and tested by the solid wood industry. The most 
well-known are probably wood drying, heat treatment and wood bending, but it is also 
worth mentioning that microwave radiation is used to increase the porosity of wood. 
 
In conventional drying technologies for wood, heat is supplied to the external surfaces 
of the wood, while the moisture slowly migrates from the inside. Dielectric heating, on 
the other hand, is applied directly to the moisture inside the wood, and the process is 
thus comparatively much faster. It is claimed that the first radio frequency drier 
operating at 13.56 MHz was built in the 1960s for drying furniture (Resch 2006). This 
technology reappeared again in 1990s in North America with the promise of much 
shorter drying times for thick solid wood. Commercial radio frequency dryers were 
developed in the US for hardwoods (Smith et al. 1996) and in Canada for softwoods 
(Avramidis et al. 1992); the largest dryer was installed in Oregon with capacity for 75 
m³ of wood (Figure 1). Microwave frequencies are probably not practical for drying 
thick wooden products because the penetration depth is small when the material is wet. 
However, microwaves can be used for the continuous drying of thinner wood (Resch 
1966; Mc Alister & Resch 1971), and wood veneer (Resch et al. 1970). 
 

 
Figure 1: A 75 m3 radio frequency dryer for drying at 13.56 MHz 

 
Heat treatment is an officially recognized industrial certification that aims to prevent the 
spread of infectious organisms through wood shipments among countries (ISPM 15). 
Even though heat treatment is widely applied in the industry with conventional hot air or 
steam chambers, it has also been proposed to use dielectric heating in the radio 
frequency range (Lazarescu et al. 2011). 
 
Dielectric heating has been applied to bend solid wood and stabilize it into curved 
shapes. This technique is typically used to manufacture furniture components, and it has 
the advantage of increasing the wood recovery in relation to sawing for shaping the 
wood (Ozarska & Daian 2010). A case study of this technique is analysed later in this 
paper.  
 
Microwave heating has recently been tested in the laboratory as a method to increase the 
porosity of solid wood (Vilkinson 2004). It was found that the vapour pressure induced 
inside the wood can be controlled to create micro-voids within the wood structure that 
considerably increase the permeability for further impregnation with resins.     
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THEORETICAL BACKGROUND 

For the simplest case of flat electromagnetic waves, the energy density (I) flowing 
through a certain area perpendicular to the wave is equal to the absolute permittivity of 
the material (ε) multiplied by the square of the electric field (E) (Reitz et al. 1979): 
 

  2EI ε=        (1) 
 
In metallic materials, electricity conduction is the primary cause of heat generation, but 
in non-conductive materials, heat is generated mainly caused by internal electric or 
magnetic dipoles that tend to align with the applied electromagnetic field (Haus and 
Melcher 1989). In particular, the alignment of electric dipoles creates an induced 
electric field (D), which is proportional to the applied electric field (E) multiplied by the 
vacuum permittivity (ε0) and a property of the material known as the dielectric constant 
(εr): 
 
  EεεD 0r=        (2) 
 
In alternating electromagnetic fields, the material dipoles do not react instantaneously to 
the applied field, but they realign with a certain delay that creates a phase difference. 
Because of this, the dielectric constant is better represented by a complex number 
having a real (ε’) and an imaginary part (ε”): 
 

  "i'r ε−ε=ε        (3) 
 
where ε’ determines the energy that is stored in the polarized dipoles and ε” determines 
the energy that is transformed into heat during the polarization. This complex dielectric 
constant rotates at the same angular frequency (ω) as the applied field, but with a phase 
angle difference (δ) that is typically expressed as the ratio between the real and 
imaginary components of the dielectric constant: 
 

  
'
"tan
ε
εδ =        (4) 

 
Based on these definitions, it is possible to deduce the following equation to calculate 
the energy losses per unit of volume (Q) of an electromagnetic field flowing through a 
dielectric material: 
 

  ( ) 2
0 Etan'Q ∈δεω=       (5) 

 
This equation has been widely used in the literature to calculate radio frequency losses 
(Frohlich 1958, Ross 1982, Bunget and Popescu 1984, Scaife 1989). In microwave 
heating, however, the electromagnetic energy is quickly consumed as the radiation 
penetrates into the sample. As an approximation, the power intensity (I) at a distance x 
from the surface can be estimated through Lambert’s law, which is based on a parameter 
known as the attenuation constant (β): 
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where I0 is the power density at the surface and c is the speed of light (Erchiqui 2013). 
The inverse of the attenuation constant is usually associated with the penetration depth 
(xdp). From Lambert’s law, the penetration depth is defined as the thickness of the 
material that would absorb approximately 63% of the incident electromagnetic power 
(Koubaa et al. 2008): 
 

  
β

=
2
1xdp        (8) 

 
Lambert’s law is however only valid if the thickness of the sample is greater than the 
penetration depth. Otherwise the radiation is reflected backwards by the exit surface and 
creates stationary waves patterns (Erchiqui 2013). As a rule of thumb, it can be said that 
the penetration depth of microwaves in wood is in the order of centimetres. 

CASE STUDY 

One of the industrial applications of dielectric heating is solid wood bending. In this 
application, solid wood is heated, plasticized, bent and dried through a single process 
performed in one piece of equipment. The main reason for using dielectric heating is to 
shorten the processing time in comparison to conventional solid wood bending. For 
example, the time to bend a straight piece of solid wood and dry it from approximately 
25% to 6-8% moisture content was reduced from 3 days to 10 minutes with the 
equipment depicted in Figure 1. In this study case, beech and birch with initial 
dimensions of 35x52x452 mm were bent to a radius of curvature of 486 mm and final 
moisture content of 6%, by using an 80 ton press equipped with a 33kW high frequency 
(HF) generator operating at 13.56 MHz.  
 
Figure 3 shows the temperature and moisture content curves measured during the 
bending process. The curves represent average values for 21 wood pieces, where 
temperatures were measured at the centre of each piece. The first two minutes are the 
heating phase. During the heating phase the moisture content decreases rapidly and the 
wood reaches the degree of plasticization that is needed for bending. Afterward, there is 
 

  
Figure 2: A mould for 21 pieces of wood during bending (left) and the mould with the bent pieces 

(right) at the end of the process: press (1), mould (2), the applied load for bending (3), the bent piece of 
wood (4), the restraining-plate (5), and contacts to the HF-generator (6) 
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a short time of approximately two minutes for bending the wood, a then there is a final 
drying stage in which the moisture content is lowered to a level that would allow the 
wood to retain the desired radius of curvature. The entire process should not take more 
than 10 minutes. If the drying is prolonged, then checking may occur in the tension side 
of the curved pieces thus increasing the rejection rate. 
 

 
Figure 3: Temperature and moisture content during the bending of wood using dielectric heating 

Due to the very short processing times, the process must be carefully controlled to avoid 
damaging the material. This includes controlling moisture content, temperature and the 
internal stresses that may develop inside the wood during bending and drying. In 
addition, the cast must be designed carefully. This is not only to meet the requirements 
of the intended wood shape, but also to create a uniform electromagnetic field without 
the risk of “flash-over”. These two requirements cannot always be satisfied 
simultaneously. Flash-over, both in the electrodes or in the wood, can be caused by 
pieces with high or unevenly distributed moisture content, cracks in the end-section of 
the wood, fibre disturbance (such as a void in the wood), and the presence of bark. 
Other types of damage that may occur in the wood during the bending process are 
rupture of the cell walls (if the steam generated within the wood cannot escape from the 
cells), and tensile or compressive rupture of the wood fibres (if the wood structure was 
not completely plasticized by the heating phase).  
 
For this study case, the dielectric heating technique for solid wood bending was 
compared with a conventional bending process for the same product. Table 1 shows the 
most important process indicators. The results show a reduction in the manufacturing 
cost of 50% with the dielectric heating technique, mainly because of the higher 
productivity and lower rejection rates. 
 

Table 1: Comparison of some production indicators for the conventional bending process for solid 
wood and the dielectric heating process 

 Conventional bending Dielectric heating process 
Relative manufacturing cost  100 % 50 % 
Production rate 0.44  pieces/minute 1.40 pieces/minute 
Rejection rate 5 % 0.7 % 
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CONCLUSIONS 

The main advantage of using dielectric heating is that the heat is generated directly 
inside the wood products. This leads to heating rates that are much faster than those that 
can realistically be achieved by applying heat to the external surfaces. On the negative 
side, dielectric heat is not always uniformly distributed throughout the entire volume of 
the material, and it may be difficult to control the internal temperatures and drying rates. 
Nevertheless, a case study concerning dielectric heating for bending solid wood has 
shown that there may be significant economic benefits if this technique is used in the 
wood products industry, mainly because of the higher productivity and lower rejection 
rates. However, to obtain low rejection rates the process parameters, such as energy 
input and processing time, have to be carefully controlled as the time-span for dielectric 
heating is very short. This also demands a good control of the initial moisture content of 
the raw material, as well as a good equipment design to prevent flash-over in the 
electromagnetic field and internal steam overpressure that can damage the cellular 
structure of the wood. 
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