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 I

Preface 
Wood is the ultimate renewable material. It possesses qualities that have 
made it a material of choice for millennia, these qualities further enhanced 
by its recognised carbon sequestration. However, as a biological material 
it suffers the same fate as any natural material, namely degradation. There 
are ways in which wood can be enhanced, including eco-friendly methods. 
One of the emerging eco-friendly methods is the combined use of 
temperature, moisture and mechanical action – so-called Thermo-Hydro-
Mechanical (THM) treatments. 

THM processing can improve the intrinsic properties of wood, to produce 
new materials and to acquire a form and functionality desired by engineers 
without changing its eco-friendly characteristics. There are numerous 
THM processing techniques and the number of these processes is growing 
continuously.  

THM processing can be divided into two major categories; Thermo-
Hydral treatments (TH) and Thermo-Hydro-Mechanical treatments 
(THM). TH is usually used to enhance wood properties, and is of 
importance in increasing stress relaxation during drying under high 
temperature, in the formation of wood-based composites or veneer 
products and in the artificial ageing of wood. THM on the other hand, is 
employed in the producing of new materials by densification, shaping by 
moulding, welding of wood by friction, embossment, bending of wood, 
wood fusion, and chip-less manufacturing. During THM treatment, wood 
undergoes large deformation, stress relaxation and chemical degradation, 
but with strong shape memory depending on parameters like temperature, 
moisture content, applied forces, processing time and the type of wood. 
Several TH and THM processes have recently been developed in Europe, 
Japan, the USA and Canada, but only some of them have been scaled-up 
industrially. However, to overcome the problems associated with 
TH/THM wood during processing at the laboratory scale, during scale up 
and controlling the end use properties, a detailed knowledge of these 
phenomena becomes important. This requires a close collaboration 
between experts in wood chemistry, wood mechanics and material science 
from both academia and from industry. 
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With this report we would like to give a brief state-of-the-art of the 
important field of THM-processing. The aim of this work has not been to 
cover the complete field of THM-processing, just give an introduction. 

 

Dick Sandberg and Parviz Navi 
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1 
 

Wood Modification 

1.1 Introduction 
The polymeric components of wood and their multilevel hierarchical 
arrangement in the wood structure confer a noble, versatile and general-
purpose character on wood and a faculty for transformation exceeding that 
of all other materials. The unique advantages of this material, its great 
availability, sustainable renewal, favourable ecological assessment and 
flexibility of implementation, give this worthy material its letters patent of 
nobility in the eyes of scientists and engineers. 

Wood and bark are special materials fabricated by the tree which exert 
certain quite specific functions and their development is controlled by 
genes to meet the needs of the tree. The anatomical structure of wood 
affects its strength properties, appearance, and resistance to penetration by 
water and chemicals, resistance to decay, pulp quality, and chemical 
reactivity. To use wood most effectively requires a knowledge not only of 
the relative amounts of the various substances that make up the wood but 
also how these substances are distributed in the cell walls and how they 
react to the environment. The fact that wood is a natural product coming 
from different individual trees imposes limits on its use. This natural 
material may need to be transformed in order to acquire the desired 
functionality. Specific problems which mean that wood does not always 
satisfy the requirements of the users, are: 

• its lack of uniformity, 

• the fact that its dimensions are limited to those of the tree, 

• its anisotropic and hygroscopic character, leading to important 
dimensional variations, 

• its heterogeneity, 

• its weak resistance to bio-degradation by micro-organism and to 
fire. 

The purpose of any technological development with regard to wood is thus 
to standardize, to homogenize, to give to the end product dimensions and 
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shape that are independent of the dimensions of the tree, to decrease 
anisotropy, to overcome the problems of dimensional instability and 
improve its durability and resistance to fire. To obtain semi-finished and 
finished products with or without added value, wood can be transformed in 
various ways: 

• by the first transformation of the wood, i.e. sawing, chipping, pulp 
making etc., 

• by reconstitution of the wood, 

• by modification of the wood. 
In this book, it is intended to review the principal elements of the thermo-
hydro-mechanical (THM) behaviour of wood, the rich experience gained 
during millennia of wood THM technology and the present implementation 
of THM modified wood.  

1.2 Modification of wood 
In addition to the preservation or fire protection of wood, the most common 
reason for modification of wood is to reduce the rate at which moisture is 
sorbed by the wood (water repellence) and/or reduce the shrinking and 
swelling that occur at equilibrium under conditions of fluctuating relative 
humidity, i.e. improve the dimensional stability. These modification 
methods include plasticization or softening of the wood. This is an 
extremely important part of the processes for solid wood bending, veneer 
cutting, pulp making etc. What actually happens in the wood during the 
plasticization has been explained more and more in the last years and will 
be described in more detail in the coming chapters.  

To modify wood, two types of treatment are applied: chemical treatment 
and thermo-hydro-mechanical treatment. The chemical treatments are much 
more numerous and the range of the chemicals available is also very broad, 
whereas in the THM treatments, only heat, water and mechanical forces are 
used. Figure 1.1 presents a simplified synoptic diagram of chemical and 
THM treatments, which are implemented at the present time. 
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Figure 1.1 A diagram of the various processes for the modification of  
 wood. 

1.2.1 Chemical modification 
Chemical modification of wood is defined as any chemical reaction 
between some reactive part of a wood cell component and a chemical 
reagent, with or without catalyst that forms a covalent bond between the 
two components (Hon & Shirashi, 1991; Hill, 2006). The most promising 
application of the technology developed for the chemical modification of 
wood is in the area of reconstituted products, e.g. particle boards, plywood 
and veneer-based products. Problems of dimensional instability and 
biological degradation restrict the use of wood products on many markets 
and the value added to these by chemical modification may be such that the 
treatments become more economically feasible. 

In figure 1.1, two classes of chemical treatments can be distinguished: 
subversive and soft. The subversive treatments are able to enter the core of 
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the cellulose fibrils. They break down of the crystalline structure of 
cellulose and eliminate the multilevel and hierarchical structure of wood. 
These treatments radically modify the chemical components of wood. 
Consequently, the material produced loses practically all the intrinsic 
characteristics of untreated natural wood. Examples of subversive 
treatments are liquefactions and oilification of lignocelluloses given in 
Yosluoka et al. in Hon (1996). They refer liquefaction mainly to those 
procedures for producing oil from biomass under very severe condition. 
Appel et al. (1969, 1975) converted celluloses to oil by using chemical 
reactive, high heat and pressure. This type of liquefaction is called 
oilification of lignocelluloses. Other recent types of liquefaction consider 
the dissolution of chemically modified wood or even untreated wood in a 
solvent. Applications of these types of liquefactions have been developed in 
the preparation of adhesives, mouldings, foam and so on. 

The soft chemical treatments, on the other hand, leave the crystalline 
structure of wood intact and touch only the amorphous part and the side 
groups (functional groups) of the wood components at the molecular level. 
These treatments leave the microstructure of modified wood more or less 
unchanged. In this category, some typical treatments are: formaldehydation, 
acetylation, etherification, impregnation by carbinol and maleic acid, 
impregnation by vinyl resins, impregnation by polyethyleneglycol (PEG), 
impregnation by phenolformaldehyde resin, filling by metal alloys at low 
melting point, etc. These treatments lead to improvement in certain physical 
and mechanical properties of wood like hygroscopicity, resistance to micro-
organisms, fire resistance and its mechanical behaviour with respect to the 
moisture variations. Norimoto and Grill (1993) have investigated the 
influence of various soft chemical treatments on the mechanical and 
physical properties of wood, and they have shown that some treatments 
improve certain properties of wood but are likely to lead to deterioration in 
others. For example, acetylation improves hygroscopicity and reduces the 
mechano-sorptive creep. In addition, the impregnation of wood by a 
polyethyleneglycol (PEG) resin improves the hygroscopicity of wood but 
the same time increases the mechano-sorptive creep. 

The chemical treatments which involve radical modifications of the 
structure of wood, i.e. subversive chemical treatments constitute a delicate 
field which requires a detailed study of the organic chemistry and is outside 
the framework of this work. The soft chemical treatments are however 
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covered in this work with a description of their effects on the 
hygroscopicity and softening of wood. 

1.2.2 Thermo-hydro-mechanical treatments, THM 
The THM treatments have an important advantage over the chemical 
treatments because the products of the THM wood are particularly 
environment friendly. Indeed, during THM processing the chemical nature 
of the various components of wood is not basically changed. 

The THM treatments include many types of process: 

• Wood bending, i.e. solid wood bending and laminated bending.  

• Densification: thermo-mechanical (TM) in an open system, and 
thermo-hydro-mechanical (THM) in a closed system. 

• Wood shaping, surface densification, embossment, wood cross-
sectional transformation. 

• Wood welding and wood surface fusion. 

• Heat treatment for increased dimensional stabilization and 
improved resistance to decay. 

• Thermal-hydro processing of wood, i.e. wood plasticizing, known 
under wet heating to release the internal stresses and to soften of 
wood. 

• Reconstituted wood products refer to any number of composites 
that contain wood, e.g. paper, different types of fibre boards, 
plywood and wood plastic composites. 

The fact that wet wood can be shaped under the action of mechanical and 
thermal loads has been known for a very old time. Figure 1.2 shows the 
principles in the construction of a canoe by an elementary and ancient THM 
process. The various stages of construction are: preparation of the hull 
starting from a trunk, heating of the hull of humidified wood, giving the 
desired shape to the canoe and fixing the given shape. 

The shaping of steamed wood has been practical since antiquity and has 
been carried out in many different ways. Plasticization of the solid wood in 
order to make it possible to bend the wood piece without fracture is the  
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Figure 1.2 The construction of a canoe, taken from “La Grande  
 aventure des Indiens  d´Amérique du Nord” (Freed &  
 Baby, 1983). 

most common way of shaping, e.g. for furniture making and ship 
construction. The bending can be achieved in one or in two planes and in 
different directions in the same plane. Wood is normally bent, after pre-
steaming, in various types of strapping devices that minimize the effect of 
tension on the convex surface and maximize compressive yield on the 
concave surface, thus minimizing the risk of breakage. 

Another process involving the shaping of wood is the technique of laminate 
bending that is primarily directed towards the bending of veneers for other 
than structural purposes, such as in furniture, sports goods, furnishing 
details etc (Stevens & Turner, 1970). To increase the efficiency of the 
manufacturing process of wood veneer products an the increasing 
importance of laminated bends in structural applications has led to 
increasing interest in a basic understanding of the wood material and the 

(a) Use of mallets and wedges to 
hollow out the interior of the 
trunk. Scraping the trunk to give 
it the desired thickness; one 
finger thickness for the upper part 
and two fingers for the bottom. 

(b) In order to widen the canoe and 
give it the final shape, it is filled 
with water to humidify the wood. 
The water is then heated to boiling 
by heated stones. The fire lit at the 
side also heats the outside of the 
canoe. Once the wood has been 
softened by the hot water and fire, 
the wooden beams are set up to 
widen the hull, fixing and 
maintaining the desired shape.  

b) 

a) 
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process (Ormarsson & Sandberg, 2007). The fundamental mechanisms that 
must be understood to enable an efficient manufacturing process to be 
developed for bending laminated wood for structural purposes and for non-
structural members are however similar, especially when the radius of 
curvature is small. Figure 1.3 shows examples of products made by solid 
wood bending and laminated bending.  

Wood can be densified and its properties modified not only by filling its 
void volume with polymers, molten sulphur, or molten metals but also by 
compressing it under conditions such that the structure is not fractured. 
Densification is the process where the wood density is increased by 
reducing the void volume of the lumens in the wood material. This is 
commonly achieved by compressing the wood in the transverse direction. 
The first aim of the densification is to improve the mechanical and moisture 
sorption behaviour of the wood. In spite of the improvements in the 
properties, untreated densified wood had a tendency to recover all or part of 
its compression set when it is subjected to heat and high humidity. This 
phenomenon is called “shape memory” or “set-recovery”. Nevertheless, at 
present the main aim of wood densification is multitude, and includes many 
different processes.  

Embossment is a process where the surface of the wood is densified, 
normally by a steel tool, to create a decorative pattern in the wood surface, 
Figure 1.4.  

 a) b) 
     

Figure 1.3 Examples of products made by solid wood bending (a) and  
 laminated bending (b).  
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This method is comparable with the methods of densification of wood, but 
the main purpose of this process is not to increase the density of the wood, 
but only to shape the wood surface. Embossment has a long tradition and, 
for example, the art of pressing, engraving and fretting patterns into wood 
has been a part of Iran's ancient history and goes as far back as 5000 years 
for the interior design of palaces, boxes laid over tombstones, pulpits and 
book-racks (Khamouski, 1999). 

Already in 1886, the idea of densifying wood by compressing it in the 
radial direction was understood (Vorreiter, 1949). In Austria, the Plumfes 
brothers developed a method in 1922 for densifying the wood by 
impregnation with rubber. This type of wood was applied in the aviation 
industry until 1945 when it was replaced by aluminium. Compressed solid 
wood has also been made in Germany since the early nineteen thirties and 
marketed under the trade name of Lignostone, a corresponding laminated 
compressed wood under the trade name of Lignofol, and a resin-treated 
laminated compressed wood under the name of Kunstharzschichtholz 
(Kollmann, 1936; Stamm, 1964). To overcome the problem of shape 
memory, Stamm and Seaborg (1941) impregnated the wood after its 
compression with a resin of phenol formaldehyde and the wood was heated 
for 10 to 20 minutes to polymerize the resin. This type of compressed and 
impregnated wood was called “Compreg”. Later, they improved the process 
using a thermo-hydro treatment to decrease the shape memory. This 
product was called “Staypak”. 

   

Figure 1.4 Example of embossment works. 
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The modification of wood by heating to improve its permanence and 
dimensional stability was also studied by Stamm et al. (1946). Wood was 
heated in baths of molten metal at temperatures between 140 and 320°C, 
and it was reported that heating for seven hours at 260°C reduced the 
swelling of Sitka spruce by 60 %. However, Stamm (1964) reported that, 
although the dimensional stability and permanence of compressed wood 
were improved by heating, certain strength parameters were reduced to an 
unacceptable level, particularly the surface strength. Stamm predicted no 
great future for the use of heat-stabilized wood. On the other hand, he did 
not predict the strong awakening of environmental issues towards the end 
of the century. Studies of the thermal treatment of wood above 300 °C are 
of limited value, due to sevre degradation of the material (Hill, 2006). 

In the 1970s, Burmester (1973) studied the effects of temperature, pressure 
and moisture content to find the optimum conditions for the heat-
stabilization of different sorts of wood, and a heat-treatment method called 
FWD (Feuchte-Wärme-Druck) was launched. The optimum conditions for 
e.g. pine wood were stated to be a moisture content of 20−30 %, a 
temperature of 160°C and a pressure of 0.7 MPa. A considerable resistance 
towards brown rot fungus was reported, and the strength reduction was 
stated to be insignificant. 

Recently Norimoto et al. (1993) and Ito et al. (1998a) used the same 
process as Stamm and Seaborg to eliminate the memory shape of densified 
wood. Advanced investigations of the densified wood treatments by the 
THM processing have recently been reported by Tanahashi (1990), Inoue et 
al. (1993), Ito et al. (1998b), Navi and Girardet (2000), Heger (2004), Navi 
and Heger (2005) and Navi et al. (2007). They have shown that the THM 
post-treatment of densified thin wood specimens at 200°C for only 4 
minutes is sufficient to eliminate almost totally the shape memory of the 
wood. Recent research on the shaping, moulding and densification and the 
THM post-treatments of compressed wood seek to widen their fields of 
application. 

In the case of friction welding, the thermal energy generated by friction, 
which is usually undesirable, is used to join materials by encouraging wear 
in a controlled way, leading to efficient welding. For several decades, 
friction welding has found broad applications in many fields of the metal 
and plastic industries. The fabricated joints are laminar or punctiform, 
depending upon the shape of the parts to be welded. Suthoff et al. (1996) 
made the first attempts to join wood by means of pressure and frictional 
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heat. It is stated that two pieces of wood can be welded by means of an 
oscillating or linear frictional movement.  

The wood in the contact zone is heated by means of frictional heat. This 
causes a thermal alteration of the wood cell structure which leads to the 
formation of a viscous layer. After cooling, the material in this layer forms 
the connection, Figure 1.5. The friction welding process of wood bears a 
distinct resemblance to the friction welding of metals and thermoplastics. 
As with metals and plastics, the friction welding of wood can be divided 
into different phases by measuring the frictional force, and these phases 
reflect the particular states of the interface, i.e. dry friction, transition phase 
and viscous state. 

Investigations by Gfeller et al. (2004) and Stamm (2006) of the evolution of 
the interfacial resistance showed that the welded connections do not 
develop the strength achievable by conventional glues. However, the 
relatively high initial resistance permits the continuous welding of 
multilayered laminates.  

Mechanically induced vibration wood fusion welding techniques can also 
be used to obtain wood surface finishes of increased surface hardness and 
performance in presence of polymerizing unsaturated oils such as sunflower 
oil, or other polymerizing finishes (Pizzi et al., 2005). 

   

Figure 1.5 Confocal laser-scanning microscopic picture of the heat- 
 affected zone and the adjacent regions of friction-welded  
 Norway spruce (Stamm et al., 2005; Stamm, 2006). 
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The most wide-spread industrial heat-treating process of wood is seasoning 
sawn wood in kilns. This process is performed at temperatures below 100 
°C, i.e. low-temperature convective drying or above 100 °C, i.e. high-
temperature drying. Heat and water vapour from the wood or added in the 
process is plasticizing the wood. Thermal modification of wood may be 
viewed as an extended seasoning process which is ended with an increased 
temperature period when all the water in the wood is vaporized. 

At present, five different methods for heat treatment are applied to improve 
wood water up take character. All these methods work within a temperature 
interval of 180 to 260°C, and the methods differ depending on how the 
oxygen is excluded. The five methods are: 

• The PLATO-method from Holland which uses water as a medium. 

• ThermoWood from Finland which uses vapour as a medium. 

• The New Option Wood/Retification-process from France which 
uses nitrogen as a medium. 

• The Perdure process from Canada the dying and then subsequent 
heating of wood in a steam atmosphere. 

• Oil-heat-treated wood (OHT) from Germany which uses rapeseed 
oil as a medium. 

The practical advantages and disadvantages of heat treatment have not yet 
been completely clarified, and one must realize that all these methods have 
been established relatively recently. The great disadvantage is the 
embrittlement of the wood which appears to become worse with time. The 
strength decreases with time, but no rot has been found. The chemical 
degradation probably continues when the material is exposed to repeated 
moistening/desiccation cycles (Edlund, 2004). 

A thermal-hydro process is when wood is heated in water to soften the 
wood and to release the internal stresses in the wood. A common industrial 
thermal-hydro process is steaming and boiling logs before slicing or rotary 
peeling the log to veneer. Actually the boiling temperature of water is 
seldom used. Almost always temperature is less than 100 °C. Thermal-
hydro processes have also been extensively studied as a technology for the 
processing of biomass for the production of sugars (Garrote et al., 1999). 

The desire to extend and modify natural wood sizes and properties and the 
need to use manufacturing waste and residues and smaller and lower grade 
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trees to produce more versatile and more consistent products has lead to a 
vast array of materials known as wood composites or reconstituted wood 
products. Wood composites can be broadly grouped into fibre products on 
one hand and solid wood composites on the other. Fibre products include 
cardboard or paste board, low density fibreboard and medium density 
fibreboard (MDF) and hardboards. In this class of product, wood is broken 
down to its individual constituent wood cells or fibres and is then reformed 
to the desired shape with or without pressure by re-establishing chemical 
bonding of lignin between the fibres with little or no added resin binder. 

In solid wood composites, often referred to as particle boards, particles, 
chips, flakes, shavings and other reduces dimensions of whole wood are re-
bonded using a resin adhesive. These materials are classified by particle 
type, by adhesive type, by density, and by strength. Uniform properties and 
reduced dimensional response are typical of these materials but increasingly 
they are being engineered for specific purposes. 

The term wood-plastic composites refers to any number of composites that 
contain wood of any form and either thermoset or thermoplastic polymers. 
In contrast to the wood-thermoset composites, wood-thermoplastic 
composites have seen phenomenal growth in the United States in recent 
years and are of this reason often simply referred to as wood-plastic 
composites (WPCs) with the common understanding that the plastic always 
refers to a thermoplastic (Rowell, 2005). 

Wood fibres can be used to produce a wide variety of low-density three-
dimensional webs, mats, and fibre-molded products. Short wood fibres 
blended with long fibres can be formed into flexible fibre mats, which can 
be made by physical entanglement, non-woven needling, or thermoplastic 
fibre melt matrix technologies. The most common types of flexible mats are 
carded, air-laid, needle-punched, and thermo-bonded mats. 

Wood consists of natural polymeric chains related the ones to the others by 
hydrogen and by covalent bonds. The hydrogen bond is at the origin of the 
great adequacy between the mechanical behaviour of wood and the 
conditions of ambient temperature and moisture. When wood is put under 
thermo-hydrous conditions allowing the softening of its amorphous 
components, it is easily let deform and this makes it possible to consider 
multiple industrial processes like the moulding, the densification, bending, 
shaping, drying at high temperature, and so fort. In all THM processing 
wood undergo elasto-viscoplastic deformation. At high temperature wood 
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can damage mechanically and chemically degrade significant components 
of wood. Wood THM treatments require knowledge on wood and polymer 
science. It is essential to know the elasto-viscoplastic behaviour of wood 
according to the temperature, of the water content, the mechanical loading 
as well as chemical kinetics of reactions in the case of high temperatures. 
Therefore, chapter 3 is devoted to the study of elasto-viscoplastic behaviour 
of wood under thermo-hydro-mechanical actions.  



 14

1.3 References 
Appel, H.R., Wender, I. & Miller, R.D. (1969). Conversion of urban refuse 

to oil. U.S. Bureau of Mines, Technical Progress Report 25. 

Appel, H.R., Fu, Y.C., Illing, E.G., Steffgen, F.W. & Miller, R.D. (1975). 
Conversion of cellulosic wastes to Oil. U.S. Bureau of Mines, 
Technical Progress Report RI 8013,27. 

Burmester, V.A. (1973). Effect of heat-pressure treatments of semi-dry 
wood on its dimensional stability. Holz als Roh und Werkstoff, 
31(6):237−243. 

Edlund, M.-L. (2004). Durability of some alternatives to preservative 
treated wood. International Research Group on Wood Preservation, 
Doc. No. IRG/WP 04-30353. 

Freed, S.A. & Baby, R.S. (eds.) (1983). La grande aventure des Indiens 
d´Amérique du Nord. Sélection du Reader's Digest, Cop. Paris, ISBN 
2-7098-0074-8. 

Garrote, G., Domínguez, H. & Parajó, J.C. (1999). Hydrothermal 
processing of lignocellulosic materials. Holz als Roh und Werkstoff, 
57(3):191−202. 

Gefeller, B., Pizzi, A., Zanetti, M., Properzi, M., Pichelin, F., Lehmann, M. 
& Delmotte, L. (2004). Solid wood joints by in situ welding of 
structural wood constituents. Holzforschung, 58(1):45−52. 

Heger, F. (2004). Etude du phénomène de l’élimination de la mémoire de 
forme du bois densifié par post-traitement thermo-hydro-mécanique. 
Thése No. 3004, EPFL, Lausanne, Suisse. 

Hill, C. (2006). Wood modification – Chemical, thermal and other 
processes. John Wiley  & Sons, Ltd. West Sussex, England, ISBN 0-
470-02172-1. 

Hon, D.N.-S. (Ed.) (1996). Chemical modification of lignocellulosic 
materials. Marcel Dekker, Inc. New York and Basel. ISBN 0-8247-
9472-9. 

Hon, D.N.-S. & Shirashi, N. (Eds.) (1991). Wood and cellulosic chemistry. 
Marcel Dekker, Inc., New York and Basel, ISBN 0-8247-8304-2. 



 15

Inoue, M., Norimoto, M., Tanahashi M. & Rowell R.M. (1993). Steam or 
heat fixation of compressed wood. Wood and Fiber Science, 
25(3):224−235. 

Ito, Y., Tanahashi, M., Shigematsu, M., Shinoda, Y. & Otha, C. (1998a). 
Compressive-molding of wood by high-pressure steam-treatment: 
Part 1. Development of compressively molded squares from 
thinnings. Holzforschung, 52(2):211−216. 

Ito, Y., Tanahashi, M., Shigematsu, M. & Shinoda, Y. (1998b). 
Compressive-molding of wood by high-pressure steam-treatment: 
Part 2. Mechanism of permanent fixation. Holzforschung, 52(2):217-
221. 

Khamouski, A.N. (1999). Handicrafts, a means of expanding jobs, social 
justice. Iran Commerce Magazine, 6(1). 

Kollmann, F. (1936). Technologies des Holzes. Verlag von Julius Springer, 
Berlin. 

Navi, P. & Girardet, F. (2000). Effects of thermo-hydro-mechanical 
treatment on the structure and properties of wood. Holzforschung, 
54(3):287−293. 

Navi, P. & Heger, F. (2005). Comportement thermo-hydromécanique du 
bois. Presses polytechniques et universitaires romandes, Lausanne, 
ISBN 2-88074-620-5. 

Navi, P., Girardet, F., Vulliemin, Ph., Spycher, M. & Heger, F. (2007). 
Effects of post-treatment parameters on densified wood set-recovery. 
In: Proceedings of Third International Symposium on Wood 
Machining, Navi, P. & Guidoum, A., (Eds.). PPUR, Lausanne, 
Switzerland, pp. 69−72. 

Norimoto, M. & Gril, J. (1993). Structure and properties of chemically 
treated woods, In: Recent Research on Wood and Wood-based 
Materials, Shiraishi, N., Kajita, H. & Norimoto, M., (eds.). Elsevier, 
Barking, UK, pp. 135−154. 

Norimoto, M., Ota, C., Akitsu, H. & Yamada, T. (1993). Permanent 
fixation of bending deformation in wood by heat treatment. Wood 
Research, 79:23−33. 



 16

Ormarsson, S. & Sandberg, D. (2007). Numerical simulation of hot-pressed 
veneer products - moulding – spring-back – distortion. Wood 
Material Science and Engineering, 2(3/4). 

Pizzi, A, Leban, J.-M., Zanetti, M., Pichelin, F., Wieland, S. & Properzi, M. 
(2005). Surface finishes by mechanically induced wood surface 
fusion. Holz als Roh-und Werkstoff, 63(4):251−255. 

Rowell, R.M. (ed.) (2005). Handbook of wood chemistry and wood 
composites. CRC Press, Florida, USA, ISBN 0-8493-1588-3. 

Stamm, A.J. (1964). Wood and cellulose science. The Ronald Press 
Company, New York. 

Stamm, A.J, Burr, H.K. & Kline, A.A. (1946). Staywood. Heat stabilized 
wood. Industrial and Engineering Chemistry, 38(6):630−634. 

Stamm, A.J. & Seborg, R.M. (1941). Resin-treated, compressed wood. 
Transaction of the American Institute of Chemical Engineers, 
37:385−397. 

Stamm, B. (2006). Development of friction welding of wood – physical, 
mechanical and chemical studies. These No. 3396, EPFL, Lausanne, 
Switzerland. 

Stamm, B., Natterer, J. & Navi, P. (2005). Joining wood by friction 
welding. Holz als Roh-und Werkstoff, 63(5):313−320. 

Stevens, W.C. & Turner, N. (1970). Wood bending handbook. Woodcraft 
supply Corp., Woburn, USA. 

Suthoff, B., Schaaf, A., Hentschel, H. & Franz, U. (1996). Method for 
joining wood. Offenlegungsschrift DE19620273 A1. Deutsches 
Patenamt. 

Tanahashi, M. (1990). Characterization and degradation mechanisms of 
wood components by steam explosion and utilization of exploded 
wood. Wood Research, 77:49−117. 

Vorreiter, L. (1949) Holztechnologisches Handbuch, Band I. Verlag 
George Fromme & Co., Wien. 



 17

2 
 

Ancient uses of  
Thermo-Hydro-Mechanical Processes 

2.1 Introduction 
Our prehistory is usually divided into eras which have received their names 
from the particular material which characterized the period, e.g. stone, 
bronze and iron. This division is based on archaeological finds, and since 
wood is rare in such contexts, it is easy to forget that there was also a 
"wooden age". This began when humans came to our country and it 
continues today. 

For thousands of years, wood has been used by man for the manufacture of 
tools, weapons, utility equipment and instruments, and as a building 
material. With the collected experience of many generations, consideration 
has consciously been given to wood properties in many areas of processing 
and usage. A very early example of a product made of wood that has 
survived until today is the Kalvträsk ski which can be seen in Figure 2.1. 
These skis were used ca 5200 years ago and have been preserved by lying 
embedded in a swamp in northern Sweden (Åström, 1993). The wood for 
the ski was cut with vertical annual rings and the front tip of the ski was 
probably bent into a curved shape with help of heat from an open fire in 
order to improve the performance of the ski. The use of heat and water to 
give skies the right shape was practised by the Saami (Insulander, 1998). 

 

Figure 2.1 5200 year old ski made of wood with vertical annual  
 rings. (Foto by Sune Jonsson, Västerbotten Museum) 
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The simplest and in most cases also the strongest woodwork takes 
advantage of the natural shape of the timber. Bends, forks and holes can all 
be exploited in many ways. Even on a large scale such as the building of 
houses or wooden ships, greater structural integrity can be achieved by 
using a single piece of timber that has grown into the right shape rather than 
by joining several smaller pieces together. The building of wooden ships 
and stave churches in old times and utility goods in the old farmer 
community are examples where it has traditionally been common to use 
naturally shaped timber, see e.g. Halldin (1963); Holan, (1990), p.179. 

One of the most graceful chair designs is the horseshoe armchair, which 
originated more than 500 years ago in the time of the Ming Dynasty. The 
back rail and arms of the chair form a continuous semicircle, gently 
descending toward the front with the terminals of the arms bent slightly 
back in a rhythmic yet reserved curve. Often coupled with tapered, S-
shaped side posts, the effect is of a spherical void being gently cradled, 
simultaneously giving a sense of emptiness and wholeness. These inspired 
forms grew out of the rich tradition of Chinese craftsmanship, and the 
integration of aesthetic preferences with the science of joinery.  

Of the existing horseshoe armchairs, most of the curved armrests are made 
of three to five segments with joints that fit so snugly that no nails or glue 
are required. In making the curved arm-rest of the horseshoe chair, 
craftsman selected wood with a naturally curved grain that would follow 
the curvature of the rail, ensuring that the grain would be straight and 
strong at the joint. This way of joining naturally grown curved sections has 
for example been practised in traditional Japanese wooden building. During 
the fourteenth century, the carpenter´s square became popular in Japan. Its 
skilful use made possible the precise construction of complicated joints for 
use in house building (Bramwell, 1979). In Norwegian stave churches, the 
longer construction elements, such as the nave´s quadrant arches, consisted 
of curved wood elements made out of several pieces so precisely joined that 
even today it is difficult to detect the connection points (Bugge, 1953; 
Holan, 1990). 

The earliest evidence of true wooden furniture is found in the Egyptian 
society that existed some five thousand years ago. The exceptional 
conditions for survival in royal tombs have given us famous examples of 
furniture and other utility equipment. It is apparent that different pieces of 
furniture had been created by 3000 B.C., and there is no doubt that a skilled 
work force existed in Egypt. The origins of the technique of wood bending 



 19

have been the subject of some dispute among experts, but it is probable that 
wood bending was known in Egypt around 1000 B.C. (Rivers and Umney, 
2005). Unsubstantiated evidence suggests that some furnishing may have 
been fabricated by wood bending as early as 2500 B.C.. Nearly two thousand 
years later, the classic Greek Klismos chair was introduced as a furniture 
form. Some scholars believe that the graceful form of the chair´s sabre legs 
was achieved through a bending process (Ostergard, 1987). 

Egyptian tomb-drawings of Nebamen at Thebes (ca. 1400 B.C.) provide 
evidence of manufacturing processes where it is likely that the Egyptian 
carpenters used heat and moisture to bend wood, Figure 2.2. The reliefs in 
the tomb of the scribe Hesire at Saqqara, dated ca. 2800 B.C., contain 
representations of furniture, including a chair whose seat has been 
described by Aldred (1954) in Singer (1954) as “strengthened by bent wood 
supports, in hard- and softwoods” and a stool “with bent wood 
reinforcements”.  

 

Figure 2.2 Section of tomb-drawing of Nebamen at Thebes showing  
 various operations on different parts of a chariot. In the  
 upper picture, the carpenters are bending poles and the  
 drawing at the bottom to the left shows a wooden chariot- 
 yoke that may have been THM-processed (from Latham,  
 1957). 
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More immediate evidence that the process of bending wood was known to 
the Egyptians is provided by the paintings in the tomb of the nomarch 
Amenemhat at Beni Hasan, ca. 1971−1928 B.C. It contains an illustration of 
a bowmaker who holds a rod over a receptacle that possibly contains hot 
water, while straight rods and completed bows are displayed nearby, Figure 
2.3 (Ostergard, 1987). Only unseasoned wood could be bent by this 
method; seasoned wood of large cross-sectional dimension can only be be 
bent by softening with the use of a steam chest and there is no evidence that 
this apparatus was used in ancient Egypt (Killen, 2000). The technique of 
laminating thin sheets of timber, the grain of one sheet being perpendicular 
to that of the next, was known to Egyptian carpenters at least from the 
period of the Third Dynasty, 2686–2613 B.C. (Killen, 1994). 

  

Figure 2.3 Bending of bows from a facsimile of a wall painting in the  
 tomb of Amenemhat at Beni Hasan, ca. 1971−1928 B.C.,  
 (from Newberry, 1893). 

The Klismos chair is a light, and elegant chair developed by the ancient 
Greeks, Figure 2.4. Perfected by the 5th century B.C. and popular 
throughout the 4th century B.C., the chair had four curving, splayed “saber” 
legs and curved back rails with a narrow concave backrest between them. 

In spite of the fact that the chair is familiar in different variants from 
frequent representations in vase paintings and reliefs, no original specimens 
have come down to us. In the pictures, the Klismos chair always has the 
same primary shape, but there is no unequivocal design of the construction 
of the chair and how it has been manufactured. The dramatic, concave 
sweep of its distinctive legs has led to the conclusion that the form was 
probably achieved by steam bending (Richter, 1966). 
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The outward legs of the chair, which at the back are transformed into a 
comfortable inclined back-support, make very high demands on both 
material and design. That fact that the shape must support the extremely 
large loads to which the legs are subjected supports the theory that the 
Greeks, already in the 5th century B.C., must have understood the 
technology of bending solid wood through heating and steaming. This 
hypothesis is supported by the Greek philosopher and scientist 
Theophrastus (372−287 B.C.). In his book Enquiry into plants he says "In 
general those woods which are though are easy to bend. The mulberry and 
the wild fig seem to be specially so; wherefore they make of these theatre-
seats, the hoops of garlands, and, in general, things for ornament" and later 
"The work of bentwood for vessels is made of mulberry manna-ash elm or 
plane; for it must be tough and strong (Hort, 1916).  

Another characteristic part of the chair is the broad upper rail at the back. In 
the 5th century B.C., it had a fairly weakly rounded flat shape, which can 
have been sawn and processed out of a single piece of solid wood. Later, in 
the 4th−3rd centuries B.C., the shape becomes strongly rounded and this 
development was probably achieved either by using a steamed and bent 
piece of solid wood or alternatively by the lamination of thin glued veneers. 

 
Figure 2.4 Detail from a hydria found at Vári, Greece, showing the  
  poet Sappho seated on a klismos, ca. 420–440 B.C., in the  
  National Archaeological Museum, Athens.
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2.2 Woodland crafts 
In older times, craftsmen in general had a profound, empirical insight into 
the subtle and diversified qualities of their materials. Knowledge handed 
down from generation to generation meant that they had a detailed 
understanding of how the properties of different kinds of wood could be 
used in an optimal way in various articles, whether for everyday use, for 
transport by means of carriages and boats, or for building pusposes. An 
illustrative example within the furniture sphere is the so-called Windsor 
chair. The seat was traditionally made of a durable hard-to-split elm (Ulmus 
glabra), the rear pins of tough and elastic yew (Taxus baccata) and the 
round-shaped back-piece of flexible ash (Fraxinus excelsior). The types of 
wood used in the old solid wood furniture have in many cases probably 
been chosen on the basis of the physical properties of the particular wood 
species. In simple utility goods and provincial furniture and interior 
decorations, the carpenter's choice has been limited to the locally growing 
species of wood. The species have been consciously used for different 
purposes depending on properties such as hardness, thoughness and rot-
resistance. An illustrative example of the provinicial choice of different 
wood species is again the Windsor chair. When the tradition of 
manufacturing this type of chair spread to the USA, it was often made from 
other species of wood than those mentioned above (see e.g. Dunbar, 1984; 
Abbott, 1989). 

2.2.1 Bending of solid wood in woodland craft 
Techniques for bending wood have, as already indicated, existed since 
prehistoric times, although early man used heat to help him to straighten 
rather than bend his arrows (Sentance, 2003).  

Rigid pieces of wood may be rendered pliant by heating, steaming, or 
boiling, and these methods are used in such varied crafts as basketry, chair-
making, and the shaping of tool handles and wooden hoops (Edlin, 1949). 
Thin rods will often bend satisfactorily without treatment, if the wood is 
handled whilst it is still green and unseasoned, and in other instances water 
alone may suffice to restore its pliancy. For walking sticks, craftsmen have 
often bent and bound wood while it is still alive and green, so that it will 
grown into the desired shape without being weakened by the stress of 
stretching and compression (Edlin, 1949).  
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Sometimes the material is warmed over a naked fire or in damp sand. The 
softening treatment may be used for straightening curved rods as well as for 
bending straight ones. In either case, the wood retains the shape in which it 
is dried and “set”, Figure 2.5. 

Ash wood is a strong, tough and pliant material that is also light in weight, 
readily clowen and easily bent either in the green state or after steaming. 
This has meant that ash is a common material in woodland crafts in regions 
where this species is commonly grown. Edlin (1949) describes in detail 
how split ash and beech can be bent into circular shapes to form hoops and 
rims. This craft was widespread in the countryside of Great Britain until 
about the 1950´s, and it has also been practised in many other parts of the 
world. 

To make such a hoop, a straight ash pole is first split into three or four 
segments with a froe (sort of knife), while being held in the angle of a stout 
three-legged break. The hoop-shaver then trims each piece to shape with his 
draw-knife, sitting astride his wooden shaving horse, which holds the wood 

   

Figure 2.5 Bending a length of steamed ash to form the back frame of  
 a Windsor chair (from Edlin, 1949). 
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in its vice-like grip. Each thin band is then warmed over a fire to render it 
pliable and then bent between two rollers or over a wooden frame. A more 
“modern”, and simpler method is to steam the band in a steam chest over a 
water boiler. This renders the band so pliant that it can be coiled without 
further treatment. The final coiling is done on a rigid wooden frame with 
four, six, or eight spokes. The hoop is formed and held in its circular shape 
by being forced against adjustable pegs set on the spokes, until its two ends 
can be nailed together. Hoops are made in sets of six known as coil, when 
each being coiled in turn within the pegs or within the stronger shive or 
“master hoop” that form the pattern. The strongest and largest ash hoops are 
those used by coopers to set up their barrels, but ash hoops have been used 
in a wide field of applications such as runners holding the sails to the mast, 
sieve rims, rims of military drums, bushel measures for grain, seed-lips for 
sowing grain in open fields, and old-fashioned spinning-wheels.Bend ash 
wood has also traditionally been used for the handles of various tools used 
by farmers, foresters, craftsman, carpenters etc. 

Before the modern composite materials were developed, ash was the 
sportsman´s wood. Ash was found in the ordinary tennis racket, the frame 
of which may consist of a single piece of wood bent, after steaming, into a 
circular form with it ends extending down into the handle. Cleft ash is used, 
because its grain is unbroken throughout, which is not always the case with 
sawn material. Later tennis rackets were made of laminated frames.  

2.3 THM-processing in the construction of wooden vessels 
Vessels of wood have been in use on water for thousands of years. Before 
ships or even boats, there must have been a long succession of floats and 
rafts used as aids to swimming. Details of drawings, carvings, and models 
of Egyptian, Greek, Assyrian, and Minoan times, and even the work of 
Scandinavian Neolithic artists, that represent early vessels do not however 
suffice to show how they were constructed (Digby, 1954). It is even less 
possible to determine whether any part of the vessel construction is the 
result of a thermo-hydro-mechanical (THM) process. 

In the introduction chapter, the construction of a canoe from a log is 
presented. A logboat is carved out of a single log and then expanded over 
an open fire. Such a boat is light and has much more room than a regular 
logboat. Extra boards can be added to increase the size of the boat. This 
type of vessel belongs to the group of boats that are called primitive boat-
types, i.e. boats built of skin, bark, reeds or hollowed-out tree trunks, that 
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have been used by man for thousands of years.  Dug-out canoes have been 
found wherever there are suitable forests. They vary in shape depending on 
local requirements and to the material available. The limiting factor is the 
tree diameter. The size of the hull was often increased during manufacture 
by filling the hull with wet and perhaps even heated sand, the weight of 
which forced the sides apart (Digby, 1954). Today such boats are used by 
different aborigine groups, e.g. Greenlanders, Indians in Canada and the 
Punan Bah people in Borneo. The Punan Bah people use dugouts or 
longboats for transport on the many rivers that flow through the landscape 
of their great island. A special feature of these longboats is that the tree-
trunk, after being hollowed out with an axe, is widened over a fire. This 
technique is also known from prehistoric times with regarded to longboats 
in northern Europe. After widening, a plank is sewn to each side of the boat 
and we thus have the first step towards the development of the clinker-built 
ships with which we are familiar from the Viking period (Crumlin-
Pedersen, 1970; Nicolaisen & Damgård-Sørensen, 1991). 

Nicolaisen & Damgård-Sørensen (1991) have studied the technique for 
building longboats in Borneo and they summarize the main steps of the 
boat-building process as: 

1. Selection and  felling of the tree 

2. Preparation and cleaving the trunk 

3. Preliminary shaping of the base 

4. Trimming of the base 

5. Expanding the hull by heat 

6. Sewing 

The Punan Bah build their longboats of the same kind of species. Ideally 
they use meranti (Shorea gen.), but to save time during building softer 
species can also be used. The Punan Bah select their wood on the basis of a 
variety of criteria, all associated with their beliefs in a shared destiny for the 
boat-builder and his boat, as well as taking into account the quality of the 
wood, its hardness, accessibility and size.  

The boat-building process begins in the rain forest, where the tree has been 
felled. Here, the branches are cut off, and the bark removed. The length of 
the boat is then measured out on the bare trunk and the selected piece of the 
trunk is cut. Thereafter a cleavage-line is drawn lengthwise, exactly 
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following the fibre direction of the trunk. The trunk is then cleaved into two 
halves with the help of wooden wedges. Both halves of the trunk can be 
used for longboats if small boats are to be built. For large boats, only one 
part of the trunk is used.  

The preliminary shaping of the base naturally involves the following sub-
phases: removing the sapwood, hollowing out the trunk, and shaping the 
base. The preliminary boat is then transported to the place were it will be 
finished. 

After the preliminary shaping, the base has to be trimmed and smoothened, 
both externally and internally, to give the final shape and thickness. This is 
a time-consuming precision work done by hand with help of adzes and 
axes. 

The widening of the base takes place over a fire, the entire hull being 
placed over a large bonfire until the wood reaches a temperature at which it 
becomes flexible. The sides are then twisted outwards and downwards with 
help of large forked branches so that the base is made flatter and wider, 
while the ends lift themselves, and the sheer in the base increases. The 
widening is first and foremost designed to improve the stability of the boat 
by increasing the sheer in the sides. In addition, the expanded boat is 
hardened so that it can better withstand the attacks of rot and insects.  

The hull is first placed over the fire with the underside downwards and, 
after about five minutes, it is turned over so that the charred underside is 
turned upwards. After about an hour the hot wood is stretched outwards and 
downwards in the central region. When the wood is sufficiently stretched, 
the sides are fixed with help of a wooden bar between the sides. The 
widening has not been completed at this position but, in order not to split 
the wood, it is necessary to stretch the boat over the whole of its length 
before returning to the centre for the final widening. The total increase in 
width at the middle of the hull is about 14 % based on the original width. 
Before expanding the hull was thus about 0.7 m in width and 7 m in length. 
Figure 2.6 shows a drawing of this hull before and after the expansion. It 
can be worth while to observe that the expansion process used by the Punan 
Bah people in Borneo differs from the process used by the North American 
Indians that is presented in chapter 1. 
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Figure 2.6 A longboat under construction before (above) and after 
(below) expansion of the hull. The width at point A is 660 
mm before and 750 mm after the widening. The distance 
between a line between the aft and fore end of the boat (the 
dotted line in the figure) and the rail at point A is 30 mm 
before and 150 mm after the widening. The length of the boat 
is 7 m (Nicolaisen & Damgård-Sørensen, 1991). 

The sewing involves a number of processes which gradually transform the 
expanded boat-base into a proper boat with lashed-on strakes, stem and 
stern. The sewing-process involves the following phases: the preparation of 
the lashing material, the forming and fastening of the thwarts, the dressing 
and fastening of the strakes, and finally the dressing and fastening of the 
stem- and stern-transoms. 

The tradition of expanding the hull by heat from an open fire can also be 
found as far away from Borneo as Northern Europe. The Hjortspring boat, 
built around 350−300 BC and found around 1920s in Denmark, is a late 
link with the millennial development of the log boat. Some part of the 
construction can however be linked to the tradition of skin boats (Crumlin-
Pedersen, 1970). It had an external length of 21 and was a 2 m wide, 
clinker-build wooden boat with space for a crew of 22–23 men who 
propelled the boat with paddles (Rosenberg, 1937). The boat is the oldest 
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find of a wooden plank ship in Scandinavia and its closest parallels are the 
thousands of petroglyph images of Nordic Bronze Age ships. 

Five large lime-wood planks make up most of the boat. According to the 
reconstruction, there was no keel, but a 15.3 m long - up to 50 cm wide - 
lime plank with carved out cleats for fastening the frames. At each end, it 
has a V-shaped section on which flanged stem and stern pieces are sewn. It 
continues some distance fore and aft of these to form the bases of the lower 
of the characteristic double protrusions. Whether the bottom plank has been 
expanded from a hollowed-out trunk or manufactured directly to shape can 
not be established, Figure 2.7.  

 
 

 

Figure 2.7 Reconstruction of the Hjortsberg boat (from Crumlin-
Pedersen, 1970). 

The reconstruction of the Hjortspring Boat indicates a plausible line of 
development from the simple log boat to the log boat with sides extended 
by planks. This turns into boats of the Hjortspring type, which is essentially 
a log with two added strakes of planking. In time, the planks grow in 
number and the log turns into a proper keel. This corresponds well with the 
shell-based way of designing boats in the Nordic tradition, where the 
frames are inserted after the planking. 

Expanded log boats were in use at the same time as clinker-built boats, 
right up to the Viking Age. The so-called Björke boat was found by the 
shore of a lake in Sweden and can be dated to about 450 A.D. Most of the 
wood was well preserved when it was found. The Björke boat was built 
with many different techniques: the bottom is an expanded lime tree with 
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added boards of pine wood, the frame was made of spruce lashed to the hull 
with juniper withes, and the added boards were fastened with iron nails. 

In a so-called woman's boat grave found about 1950 in Sweden, a rich or 
mighty woman was buried in the late 8th century AD. The wooden boat 
was 6−7 m long, constructed as a log boat with extended board planks. The 
lower part of the boat was preserved and it consisted of a dug-out bottom 
piece some 90 cm wide and 18 cm deep amidships, with one ca. 30 cm 
wide strake on each side. These parts were of pine wood and five 
comparatively well preserved ribs were of juniper.  

The construction process for the expanding looks fairly like that still used 
by the Punan Bah people and was practised in Finland until at least the 
1930s for small boats of aspen (Nikkilä, 1947).  

In Egypt, where all habitable and cultivated land was irrigated by the Nile, 
we should expect a very early start in navigation and wooden shipbuilding. 
The first datable boat representations are models. The very oldest seems to 
be from the Neolithic (ca. 6000 B.C.) site of Merimda Beni Salaam and it 
seems most likely that these boats were made of papyrus bundles, not wood 
(Vinson, 1994). It is impossible to say when the first wooden ships were 
built in Egypt, but finds show us 4500 year old wooden boats. However, the 
early Egyptian boats and ships were of quite a simple construction without 
any keel, and the boat-building technology evolved independently within 
Egypt in response to local conditions (Petri, 1933). The way in which the 
boats and ships are built reflects aspects both of the legitimisation of power 
and of participation in a regional trade network at least occasionally 
accessing the Red Sea before the third millennium B.C. (Ward, 2006). A 
contemporary and detailed description Egyptian boats and boat building 
techniques is given by the Greek historian Herodotus (ca. 484−425 B.C.) in 
his history of the Greco-Persian Wars (Godley, 1920).  It is difficult to find 
any evidence that their shipwrights used any THM processes. 

An odd water vessel is the quffa that was probably invented in the regions 
of the Tigris and Euphrates and has been used in this region since at least 
the seventh century B.C. and probably goes back to the beginning of 
civilization (Digby, 1954). This vessel is a circular skin boat in which the 
flexible leather or hide cover is stretched over an internal frame of bent 
wood. Craft of this sort are not directly in the line of evolution which 
developed into the later standard types of ships with keel and ribbed hull 
and which derives ultimately from the dug-out canoe. 
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With regard to design, the Scandinavian wood treatment perhaps reached its 
peak during the Viking Age. Both the Viking ships with their inventories 
and the early Norwegian stave churches are artistic masterpieces which are 
difficult to surpass even today. The ships are especially fascinating because 
they were built to a superb standard with a high prestige value and a refined 
technology from which we may perhaps still learn something in designing 
modern yachts, Figure 2.8.  

The term Viking ship does not describe a single type of ship but is a 
collective designation for the vessels built from the end of the 8th century 
to the beginning of the 12th century in accordance with common Nordic 
boatbuilding traditions. Viking ships were open, clinker-built vessels with a 
side rudder and a single mast. They were powered by oars or driven by the 
wind using a square sail. Their hulls, which had a light and flexible design, 
were held in shape by lateral timbers (floor timbers, beams and knees) and 
by longitudinal reinforcements (stringers and keelson). The longships were 
primarily warships, manned with a maximum of warriors who also acted as 
oarsmen. After a defeat in battle, the ship might still be handled by a crew 
numbering only a third or a quarter of the original number. In the 17 m-long 
Skuldelev 5-replica Helge Ask, the full crew is 26 oarsmen (Crumlin-
Pedersen & Olsen, 2002). In longer ships, the number of men was increased 
by two for each additional metre, as the average spacing between the oars 
was one metre or slightly less. The largest Viking longships were probably 
manned by as many as approximately 80 men. In broad ships like the 
Norwegian Gokstad ship, there would be room for several more men than 
the number of oarsmen. This was also the case in the broad and deep cargo 
ships. They could be sailed by a crew of only 4 to 5 men, but they could 
transport a much larger number of persons if necessary, for instance for the 
transfer of settlers from Norway to Iceland.  
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Figure 2.8 A copy of a small boat from the Viking Age. 

The Vikings were skilled shipwrights who, on the basis of experience and 
traditions, could build ships that were adapted for particular purposes and 
specific seas. Their beautiful longships with an extensively curved stern and 
stem put great demands on the professional skills of shipbuilders and on the 
quality of the wood material. An interesting observation is that the Vikings 
did not use heat to make the wood pliable during the construction of the 
ships, and it is notable that they did not use heat even for the bending of the 
highly curved boards for the hull.  

Viking shipbuilders preferred to build their ships from oakwood in southern 
Scandinavia and from pine in northern Scandinavia. Other species of wood 
were, however, also used for special purposes, such as ashwood for the 
upper planks in the longships.  

The building method is called "by eye", i.e. without drawings and from the 
outside inwards: the keel was first laid out, usually in one piece, and the 
stern and stem were raised. The planking was then assembled with iron 
rivets in clinker fashion, creating the lines of the hull by varying the shape 
of the planks and the angle from one plank to the next. After the bottom 
part had been built up with the planking, the bottom frames, usually of 
naturally bent wood, were cut to shape and inserted and the sequence could 
be repeated with the sides of the ship. The same working process can also 
be seen in the Bayeux Tapestry from ca. 1070 A.D., which reflects from a 
Norman perspective the circumstances surrounding the invasion and battle 
of Hastings in 1066. 
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The secret enabling the Vikings to bend oak wood in the hull to a 
comparatively great extent is the technique of splitting the log radially with 
the help of axes and wedges and the bending of the wood in the green state. 
For detailed studies of the conversion method, see e.g. Olsen and Crumlin-
Pedersen (1967), McGrail (1982) or Indruszewski (2004). 

In the manufacture of boards for the hull, the log was first split into two 
halves, then in 1/4-parts and in 1/8-parts and sometimes down to 1/32-parts, 
Figure 2.9. The number of boards was largely dependent on the diameter of 
the log, but the number was considered to be the upper practical limit 
obtained from a single log (Olsen and Crumlin-Pedersen, 1967). When the 
log is split into halves or more, the split follows the grain orientation in the 
longitudinal direction, so that fewer fibres are cut than in the sawing or 
shaping of a log with an axe. The sapwood was usually removed at this 
stage. The board width was, therefore, determined by the radius of the log 
minus sapwood and part of the pith. For example, a log 1 m in diameter is 
required to obtain an approximately 30 cm wide board. 

McGrail (1974) mentions that some of the major advantages of radially 
split boards are: the longitudinal fibres (grain) are parallel to the board sides 
contributing considerably to the mechanical strength; dimensional 
movements due to changing humidity are greatest in the smallest dimension 
of the board, i.e. its thickness. Godal (1995) stated that radially split wood 
is "watertight" (the rays are parallel to the sides of the boards), resistant to 
cracking and generally more durable. 

 

  

Figure 2.9 Radial splitting of a log into sectors used for boards for the 
hull of a Viking ship. 
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Viking ships were built of fresh timber. Fresh or green wood is tougher 
than dry wood and it is also more pliable. By splitting the log into smaller 
and smaller pieces, boards that were light and thin but, at the same time, 
unprecedentedly tough were obtained. If we are careless and trying to build 
a copy of a Viking ship today with sawn and less carefully selected wood, 
the boat will either break or be too heavy. The great advantage of green 
wood is that the boat does not alter its shape when it is launched. The boat 
is built in its wet form. No swelling or shrinkage and thereto related 
problems occur. In addition, it is just fresh oak, which can split easily.  

With a combination of high knowledge of the wood material and skilled 
shipwrights, the Vikings used radially split and green wood in their 
constructions. Their ability to produce complicated bent wood constructions 
without the use of heat is unique in shipwrighting The heating of wood by 
either heat from a open fire, boiled water or steam has been used for at least 
thousand of years before and after the Viking Age. 

The medieval shipwrighting for cargo ships in the Scandinavian countries 
was a direct continuation of the shipwrighting of the Viking Age as regards 
both the shape of the hull and the technology (Halldin, 1963). It was based 
on the clinker-building technique with rather thin boards throughout the 
Middle Ages and the carvel-building technique probably did not come into 
use until the late thirteenth centaury. It was vital that the timber used for 
building the different parts of the ships was selected according to its natural 
shape, e.g. natural bent wood to produce frames, knees, etc., Figure 2.10. 
The fibre structure of the wood is thereby maintained, and this gives the 
structure of the ships strength and stability. 
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Figure 2.10 Natural bent wood for the building of ships. Drawing used 
for teaching purposes at the Maritime Academy in Stockholm 
(Halldin, 1963). 

As in the Iron Age, the timber was produced through radial splitting of oak 
logs with the help of an axe and wedges, a technique which was used until 
the 16th century. From these wedge-shaped pieces of timber, the boards 
were axed. The boards were heated over an open fire and doused by water 
to make them pliable, so that they could be given the appropriate shape for 
their place in the hull, Figure 2.11. 

 

Figur 2.11 Softening of boards over an open fire (top) and the 
installation of pliable boards on the hull (Claesson Rålamb, 
1691). 
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The ancient method, when shipbuilders made the boards pliable by heating 
over an open fire gave way only very slowly to the gentler treatment by 
boiling in water or steaming in a steaming vessel. For example, steaming 
vessels were not used in Swedish shipyards until the mid-eighteenth 
century (Halldin, 1963). 

2.4 The manufacture of wooden casks 

2.4.1 traditional coopering 
Wooden casks deserve to be remembered for the important role that they 
have played in history. Casks have been arguably the most significant 
shipping container in history over at least 2000 years of civilization 
(Twede, 2005). The cask-maker is a specialist craftsman with a set of 
purpose-made tools. He is known in Britain as a cooper and this is now a 
common British family name. In the United Kingdom, cask is the general 
term and the word barrel technically refers to a cask with a capacity of 36 
gallons, but the techniques are the same for a firkin which holds nine 
gallons, a hogshead holding 54 gallons or a butt holding 108. The 
coopering can be divided into three main branches; wet, dry and white, 
were the wet coopering is the most advanced skill (Kilby, 1971). The wet 
cooper made casks with a bulge to hold liquids. The dry cooper made casks 
with a bulge to hold a wide variety of dry commodities. The white cooper 
made straight-sided, splayed vessels. This means that there are two basic 
types of casks. Tight casks mainly designed to hold liquids, heavy products 
and explosives and slack casks used for dry goods.  

Casks probably evolved from open-top wooden tubs with straight sides, 
wider at the top than the bottom (Twede, 2005). One of the earliest 
representations of a wooden tub has been found in the Egyptian tomb of 
Hesy (2690 B.C.) showing a wooden cask for measuring corn (Kilby, 1971). 
A wall painting in a tomb at Beni Hasan shows a cooper and tubs with 
staves being used in the grape harvest (Newberry, 1893). 

In the first book of Kings in the Bible, (Ch. 18, Ver. 33), it is told that, in 
the time of King Ahab of Israel, in the ninth century B.C., the prophet 
Elijah defeated the priest of Baal. Three times he filled four barrels of water 
and poured them over the burnt offering. In the same book a widow had a 
"handful of meal in a barrel". 
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Liquid-tight wooden casks with a bulge and made from staves were 
invented during the time of the Romans (Twede, 2005). Pliny the elder 
mentioned that casks were used for wine in the Northern part of the Empire, 
where wood was a more abundant natural resource than clay (Rackham, 
1945). Cask-making may have developed concurrently with ship-building 
technology. The materials, modes of construction and tools are similar: thin 
slabs of wood, bent into curved shapes and bound together. Figure 2.12 
shows a reconstruction of a cask from the Viking Age made of spruce. As 
already mentioned the Viking was good shipbuilder and also good coopers. 
For further reading about the ancient history and development of coopering 
see e.g. the work of Kilby (1971). 

    

Figure 2.12 A reconstruction of a wooden cask of Norway spruce from 
the Viking Age (The Viking Ship Museum in Roskilde). 

Casks for different purposes are also made and used in the Far East, but 
they are shaped differently from European casks in that they are wider at 
the top than the bottom and have straight sides with no bulge.  

The manufacture of casks is, as has already clearly emerged, a very 
traditional craft. The techniques to produce casks have varied over the 
centuries and have also shown local variations, but the traditional 
manufacturing of casks with hand tools did not change much until the end 
of the nineteenth century when coopering started to be industrialized and 
various new production methods were invented. From about the 1950s, the 
competition from metal casks, bulk beer tanks, bottles, cardboard boxes, 
fibre-board drums, cans and large metal shipping containers incorporating 
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new methods, together with rising costs, caused the bottom to drop out of 
the market for wooden casks.  

The traditional production of the casks can be divided into the following 
sequences (Kilby, 1971): 

1. Selection and preparing of the raw material for staves. 
2. Shaping of the staves. 
3. Raising-up the cask 
4. Firing and bending of the cask. 
5. Chiming the cask. 
6. Shaving the inside of the cask. 
7. Placing the heads into the ends of the cask and placing permanent 

hoops, and boring of tap holes. 
8. Pickling of the casks. 

Cask work starts with the cooper selecting the wood, called blanks, to be 
used to make staves. Casks have been made out of all kinds of timber. The 
earliest casks were made of palm; later the Celts used Pyrenean silver fir, 
and no doubt every kind of timber has been experimented with at various 
times, until the most suitable species, depending upon availability, quality 
and competitive costs, became the prerogative of particular branches of the 
trade (Kilby, 1971). 

The white cooper worked largely with oak, but beech was also used quite 
extensively, and chestnut, ash, elm, teak, sycamore, pines and firs and even 
yew were used when taste was not the main consideration. The wet cooper 
exclusive used oak because of demands relating to the taste and smell that 
can be transferred from the wood to the contents of the cask, the strength of 
the cask, the bending properties of the wood during manufacture of the 
cask, and the need for the wood to be tight so that the contents do not leak 
(Kilby 1971). 

The most important properties of the wooden staves for tight casks is that 
they are free from knots and have vertical annual rings, i.e. that the logs are 
quarter sawn (Kilby, 1971). The vertical annual rings help to prevent 
seepage and to control warping and shrinkage. In early times the logs were 
split with wedges which resulted in stronger and more straight grained 
staves than sawn staves. The staves are dried before further handling. Then 
they are cut into appropriate lengths, widths and thicknesses, and inspected 
to make sure that each stave is properly quartered, and that it has no defects 
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in structure, cracks or sapwood. A defect in structure on the convex side of 
a stave may mean that it cracks when being bent, whereas a defect on the 
concave side could possibly be hollowed out and therefore might not 
matter. 

The shaping of the staves in their straight state is called dressing the staves 
and includes four stages: Tapering the edges of the stave (listing), shaping 
the outside (the back) of the stave (backing), shaping the inside of the stave 
(hollowing out), and finally preparing the angle on the edge of the stave 
corresponding to the radius of the cask on the end and in the belly 
(jointing), Figure 2.13. After the staves have been dressed they are raised 
up. This means that the staves are put together tightly at one end with the 
help of a raising-up hoop prior to the cask being bent. The staves must be 
matched according to toughness. If a soft stave is placed between two hard 
ones it will be forced outwards and crack either in the firing or later in 
wear. The staves are loosely assembled with an iron hoop around the top 
and another hoop is the hammered over them, pulling them into a round 
shape. In early times these hoops were usually made of cleft wood from ash 
or willow. When all the necessary staves are raised up in the hoop, the hoop 
is hammered tight. The cask is now ready for firing. 

In firing, the cooper put the cask on a cresset, a small burning brazier, until 
the staves were hot right through, which he assessed by holding the back of 
his hand against the outside of the stave, and the so-called truss hoops were 
then driven over the cask. During heating, the wood can be moistened by 
adding water on the outside and inside of the cask to make the wood more 
pliable. In about 1920, stout (ca. 31 mm in thickness) or extra stout (ca. 38 
mm in thickness) casks became more common and it then became 
necessary to prepare the wood more thoroughly before firing. This was 
done either by steeping the cask in a tank of water which was kept boiling 
for half an hour, or by putting it over a jet of steam and lowering a bell, or a 

 

Figure 2.13 Shaping of staves for a cask: listing (a), backing (b), 
hollowing out (c), and jointing (d). 
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large cask, over the top of it to keep the steam around the cask. This softens 
the wood and makes the staves more pliable for bending. At this point, 
some casks for wine or bourbon are slightly charred to give a distinctive 
taste to the contents. When the staves are pliable enough they are bent 
together and secured by hammering hoops of different sizes into position so 
that the shape of the cask is created.  

This firing is essential so that the cask acquires set, i.e. so that, when the 
hoops are taken off, the staves will remain bent and not spring back into a 
straight position as they would if the fire were allowed to go out before 
giving the cask at least half an hours firing. This spring-back is said to be 
more common when the casks are bent by machinery than when they are 
bent by hand, but much depends upon the quality and toughness of the 
timber that is being used and on the exactness of the joints. A slightly 
rounded joint will cause a stave to crack in the pitch. 

The next thing that the cooper has to do is to put a bevel on each end of the 
cask and make the grooves for the heads. This is called chiming the cask. It 
is always best to do this while the cask is warm from the firing, as the wood 
then seems to cut more easily. The cut must be straight so that the head fits 
flat, at a uniform depth, inside of being formed as a sloping cylinder. The 
chiming includes adjusting the length of the staves and make a chime with 
an adze, making the end grain perfectly straight with a topping plane, 
levelling the wood where the groove will be placed with help of a chiv, a 
small plane hung at a fixed distance from a piece of wood which slides 
around the top of the cask, and finally cutting the groove into which the 
head will fit with a help of a tool similar to the chiv. 

The next job is to shave the inside of the cask so that it is perfectly smooth. 
This is done by means of an inside-shave, a small rounded plane with 
wooden handles on either side, or with a stoup-plane, a small rounded 
plane. 

Finally, the heads of the cask are fit into the ends, and the rings, which will 
have become loose, are replaced with permanent ones that are heated so 
that bind the staves tightly together as they shrink. The circular head, made 
from straight quarter-sawn boards joined together with dowels, is cut with a 
bevelled edge that is inserted into the groove. A bung-hole is then drilled 
into the cask through which the cask will be filled and thereafter closed 
with a cork or a bung. 
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In order to prepare an oak cask to hold beer, wines or spirits for the first 
time, it was customary to pickle the cask, i.e. to fill it with a solution of 
brine and sodium carbonate in order to neutralize the acid-tasting tannin in 
the wood. The cask was allowed to soak for three days and then filled with 
clear water for a day before it was washed out and filled with liquid. 

2.4.2 Machine coopering 
As early as 1811, a patent was granted to the firm of Plasket and Brown 
Ltd. in England for a coopering machine designed to cut the heads for casks 
(Hebert, 1848). Most of the early machinery was crude and inefficient and 
coopers did not take this machinery seriously. Before such a machine could 
be installed, it was necessary to fit a steam engine, and this was an 
expensive proposition. It was not until the end of the nineteenth century that 
machinery became more common in coopering. There are a lot of patents 
and other inventions that can be related to the industrialization of the 
coopering process but it is beyond the scope of this book to describe all 
these improvements. However, only a few examples are here given to 
illustrate the machinery for softening of wood and the bending process. 

To soft the wood, machinery for steaming was used. For about twenty 
minutes before being bent, the casks were steamed in bells, large upturned 
tubs, which were dropped over the cask to trap the steam which was 
pouring out from jets under the cask. These steaming bells were used by 
many manufacturers, but there are lots of inventions that probably never 
reached practical use. Figure 2.14 shows an illustration from a patent of an 
invention related to improvements in heaters for cooperage purposes (Reed, 
1890). The cask is entirely inclosed in the heating chamber which the 
inventor considers will give an effective and quick heating of the cask and 
thereby a faster shrinkage and set of the staves in the bent position. 

For bending of staves, a so-called bell-press can be used (Diener & Roth, 
1941; Kollmann, 1955; pp. 808). After the staves are put together tightly at 
one end with the help of a raising-up hoop, the cask is put into the press in 
an upright position with the open end upwards. The cask is held with the 
help of mechanical device and the open end of the cask is moved towards 
the inside of a conic end-stop (the bell). The staves then come together and 
the bulge of the cask is formed. The staves are then fixed by second hoop 
and the two-part clock is opened and the cask can be taken out of the press.  
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When a cask is made of stout or extra stout staves, pressures of 3−10 MPa 
are needed and hydraulic pressure is normally used. A schematic 
presentation of a hydraulic bell-press is shown in Figure 2.15. 

 

  

Figure 2.14 Side elevation, partly in section, of a heater for casks, (Reed, 
1890). 
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Figure 2.15 Hydraulic bell-press for the bending of staves for a wooden 
cask (Kollmann, 1955). 

2.5 The industrialization of solid wood bending 
Historically, the industrial bending process not only enhanced the structural 
stability of a design but also allowed for the most economic use of materials 
and manpower. Commercially, the reductivist nature of the process lowered 
the cost of construction and gave bent wood furnishing a competitive edge 
over products made by more conventional laborious means with elements 
that had been cut or carved, and then joined. The ultimate success of the 
bending process occurred after the middle of the nineteenth century when, 
through mass production, bent-wood furnishing flooded the market 
(Ostergaard, 1987).  

The development of the technology of wood bending began when the first 
patent was granted in England in the first quarter of the eighteenth century 
and continued until the time when, through the work of Michael Thonét 140 
years later, it was prepared for introduction into industrial manufacture 
(Šimoníková, 1992). 

The three oldest patents, granted between the years 1720 and 1794 to J. 
Cumberland, H. Jacksson and J. Vidler, used different approaches to the 
process of softening the wood, including boiling, steaming and heating by a 
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direct source (Šimoníková, 1992). These operational procedures were 
intended for use primarily in the area of ship building. During the first 
decade of the nineteenth century, attempts to apply this process to the 
bending of wood for the constructions of chairs by the Belgian Jean Joseph 
Chapuis (1755−1864) and the American cabinet-maker Samuel Gragg 
(1772−1855) met with considerable success. The remarkable feature of 
Gragg´s work was his confident use of bent solid wood, a goal not attained 
by Thonét, despite repeated experiments, until nearly fifty years later 
(Ostergaard, 1987). 
Experiments with bent wood for purposes other than furniture making are 
also known from the early nineteenth century. In 1821, the Austrian wagon 
maker Melchior Fink was granted a patent for producing rims for bicycle 
wheels in one piece, although he never used this method on an industrial 
scale (Vegesack, 1987). The English craftsman Isaac Sargent became 
famous for his spiral staircases and Michael Thonét built cartwheels for the 
Prussian army in the 1840s (Vegesack, 1996). 

2.5.1 The Thonét process 
No industrial method involving the thermo-hydro-mechanical treatment of 
wood has had such a great and global success as the Thonét process, an 
industrial process for bending solid wood invented by the German furniture 
maker Michael Thonét (1796−1871). The process includes softening the 
wood by moisture and heat, and bending in such a way that elongation of 
the wood on the tensile side during bending is minimized and thereby also 
the risk of breaking of the wood during bending. Before being dried, the 
bent wood is fixed in a specially designed iron-mould to form the final 
shape, see Figure 2.16. 
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Figure 2.16  Drawings of iron-moulds to create different shapes of bent 
wood (Exner, 1922). 
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2.5.2 The Vienna Chair which conquered the world 
The inventor of the Vienna Chair came from Germany. Michael Thonét 
was born in 1796 in Bopard-am-Rhein, 20 km south of Koblenz, where he 
established himself as an independent furniture maker in 1819. Michael 
Thonét was the first person to adapt the art of bending wood from the 
shipbuilding industry to furniture manufacture. In 1830, he began his first 
experiments with bent wood. Sheets of veneer were laid parallel to the grain 
and were cut into regular strips of uniform size. These were then boiled in a 
solution of glue. Once bundled together and attached to wood, or later still 
to metal frames, they would be bent into the desired form. Once curved, 
this pliable material lost in thickness and so thin strips of veneer were 
added to compensate for the loss. A additional disadvantage of this process 
was that the hygroscopic glue gathered water from the surroundings and 
lost its strength. In 1836, he developed his special bent wood method to 
produce what became known as the Boppard layerwood chair, his first 
major breakthrough. However, his attempts to register patents for this 
technique in Germany failed.  In 1841, he was granted a patent for his 
method in France, England and Belgium, a method which meant that his 
company gained (or conquered) the world market for bent wood furniture.  

In the spring of 1842, Thonét moved his activity to Vienna on the advice of 
the Austrian chancellor Klemens Metternich. In the years until 1849, he 
cooperated with Carl Leistler in the interior decoration of the Palais 
Liechtenstein in Vienna, where he laid a parquet floor and designed 
separate pieces of furniture. 

In 1842, Michael Thonét was granted a patent for "Holz in beliebige 
Formen und Schweifungen zu biegen" (Wood bending, in any Shape and 
Form) by the K.k. allgemeinen Hofkammer in Vienna. This represented an 
imperial patent for the bent wood procedure, which enables beechwood 
slats to be pressed into a curved shape under steam. After the slats are 
heated up to over 100°C in steam chambers, two specially trained workers 
press them by hand, simultaneously and evenly, into curved cast-iron 
moulds in which they are dried at about 70°C for at least 20 hours. In 1853, 
the patent was renewed and remained valid until 1869.  

In 1849, together with his sons, Thonét started a workshop for the 
production of bent wood furniture, especially simple chairs intended for 
mass production. The first of these chairs, known as No 4, was exhibited 
the next year at Nieder-Österreichischen Gewerbeverein and thus became 
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known to a wider public. The first order came from Café Daum in Vienna, 
where it was in use for more than a quarter of a century. The next delivery 
of 400 chairs went to a hotel in Budapest. In the 1850s, the method was 
developed for bending thick, solid pieces of beech wood, so-called 
"bugholz", on a large scale. This method consisted of wood plasticizing by 
treatment in hot steam, bending in a special mould and allowing it to dry in 
a fixed position. At the same time, they went over to working almost 
exclusively in beech. In 1856, they started a new factory in Koritschan in 
Mähren in the middle of a rich beech forest district, leaving only a 
warehouse in Vienna. 

In 1856, the simple chair (No 14) which came to be the main product of the 
Thonet company was designed in Koritschan. During the most richly 
flowering eclectic period of the history of furniture, a chair was thus created 
which could not be more simple. It was light, aesthetically neutral and ideal 
in a transport perspective, since it could be delivered in parts which could 
rapidly be screwed together. Before 1900, the Thonet Bros factory had 
already produced their famous café chair No 14 in over 50 million copies, 
and the chair was being delivered in six parts as the world's first "knock-
down” piece of furniture, Figure 2.17.  

In 1860, the first rocking-chair was manufactured, and this was produced in 
more than 100 000 items per year in the 1890s in Austrio-Hungary alone. In 
the 1860s, three more factories were started in Mähren and Hungary, 
including one in Bystrice, which is still one of the largest suppliers of bent 
furniture in the Thonét tradition. 

When the first patents expired in 1869, competing furniture manufacturers 
were able to start production of the famous bent wood furniture using the 
same technology as that developed by Thonét, and this technology is still in 
use at many bent wood factories. The bent wood industry rapidly 
developed, so much so, that by 1893, 51 companies (25 in Austrio-
Hungary) were in production. Jacob & Josef Kohn in Vienna became 
Thonét`s largest competitor. While Thonét required one to two hours to 
make the wooden rods flexible using steam, his rival Kohn had installed a 
machine which could produce these parts within 3−5 minutes. This allowed 
the four factories belonging to the Kohn brothers to produce 5500 pieces of 
furniture daily. 
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Figure 2.17 The famous Thonét café chair No 14, ready for delivery in  
 parts from a factory, and also finally assembled.  

Michael Thonét died in 1871. At the time of his death, the company had 
4000 employees and an annual production of 450 000 items of furniture. 
Twenty years after Michael Thonét's death, there were 60 factories, mostly 
within Austrio-Hungary. The old Thonet models are still being 
manufactured all over the world. The Thonét family's present main factory 
was started in 1869 in Frankenberg in Hessen and new products are now 
also being manufactured together with the old models. 

2.5.3 What was it that made the Thonét method so successful? 
The art of bending wood by heating and moistening the wood material is, as 
mentioned before, several thousand years old and one may wonder what 
kind of innovation Michael Thonét added to the process to make it so 
successful. 

Thonét used mainly the wood species beech, which he knew through 
practical tests or from his experience as furniture maker was better than any 
other species of wood for the purpose. Softening the square-cut or turned 
material by exposure to hot steam was a well-known method. Thonét's 
invention was that, during the actual bending operation, the convex side of 
the wood was held with a steel band which prevented the wood from being 
stretched, and thus reduced the risk that the wood would break or that micro 
fractures would develop during the bending process, particularly when tight 
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curves were being produced. The Thonét method thus utilised the ability of 
the steamed wood locally to be compressed considerably in the fibre 
direction (20−30 %) in a way which had not been done before. An 
additional idea which Thonét added to the bending process was that the 
wood pieces were bent over a fixture which gave it its final shape, Figure 
2.18. Thereafter, the wood pieces were locked in the mould and dried with 
warm air. After being dried, the wood not only retained its bent shape but 
had also become stronger due to its increased density in the bent region. 

The Thonét workshops and also other workshops later developed 
innumerable tools and machines in order to be able to produce the various 
models of furniture which were designed and offered to the market. An 
extensive description of the different machines which were used for the 
bending of solid wood in about 1900 has been presented by Exner (1922). 

In the rich design world of the nineteenth century, Thonét's bent wood 
furniture is a paradoxical phenomenon. With a matter-of-fact graceful 
design, completely conditioned by the manufacturing process, the furniture 
calmly broke the traditions of form which were characteristic of the latter 
half of the century. These items of bent wood furniture are the first mass-
produced furniture, developed for the new market created by the industrial 
society, the furniture for a new age. In furniture-history presentations, they 
play an obscure role, perhaps due to their lack of a specific time-
connection. Some of these chair types are nevertheless still the world's most 
frequently produced furniture.  

Thonét, with his initial experiments on laminates and the subsequent 
bending of solid wood, began the first large-scale production system based 
on interchangeable parts in furniture-making. He introduced simple 
functional design which enabled him to achieve a commercial, as well as a 
technical success. 
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Figure  2.18 Fixture for the bending and locking of steamed solid wood  
 in the geometric shape which is required in the final  
 product, in this case the back of a chair. Note that the steel  
 band on the convex side of the material remains in position  
 until the wood piece has been dried. 

2.6 The use of veneer for curved shapes 
Veneer was used either constructionally or as a decorative layer to disguise 
poor quality wood. The earliest use of veneer has been shown to be largely 
for the purpose of display and ornamentation rather than for the purpose of 
creating a curved shape or for increased strength (Knight & Wulpi, 1927). 

The earliest eveidence for the use of venner we have from Egyptian thomb 
findings and reliefs. Little is known, however, of the methods used, e.g. 
how the wood was sawn into sheets; how a glue, which 3500 years later 
still holds thin layers of face wood to the heavier base or core, was 
prepared, but the work has endured and speaks for itself. Figure 2.19 shows 
a mural record found in Thebes that describes a production of an intarsia or 
a plywood construction from about 1490–1436 B.C. However, there is no 
evidence as yet that the Egyptians used heat and moisture in combination 
with mechanical force, i.e. a true THM process, when they shaped their 
veneer constructions.  
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Killen (2000) say thar Egyptian carpenters began to laminate thin sheets of 
wood as early as the Third Dynasty (2686–2613 B.C.) in an atempt to 
fabricate a large sheet of material which was dimensionally stable and 
equally strong in all directions. An example of six-ply wood, where the 
grain of one sheet is at right-angles to the next, was discovered in a 
sarcophagus within the Third-Dynasty steppyramid complex of Djoser at 
Saqquara. These sheets of plywood formed the sides, ends and base of a 
coffin and the thickness of each veneer was approximately four millimetres 
and their widthswere found to range from between forty to three hundred 
millimetres. 

Gaius Plinius Cecilius Secundus (23−79 A.D.), better known as Pliny the 
Elder, has in his Natural History a whole chapter on the art of veneering 
(see e.g. Rackham, 1945). Pliny gives a complete description of the early 
use of veneers and also describes a number of species that are suitable for 
veneer making, but he does not mention any products or manufacturing 
method that can be linked to a THM process.  

Polybios (ca. 203−120 B.C.) has in his historical work embracing 40 
volumes well described the armament of the Roman army. One type of 
soldier carried a semi cylindrical shield, a so-called scutum. The shield was 

 

Figure 2.19 Mural record of veneering, discovered in the Sculpture of 
Thebes and dated as early as the time of the Thutmosis III 
(1490–1436 BC). The man to the left is applying veneer on a 
core of ordinary wood, the man in the middle is grinding 
something and the man to the right is applying glue with a 
brush. A piece of dark wood (a) applied to one of ordinary 
quality (b) and an adze (c) fixed into a block of wood (d). 
Some tools and equipment: a ruler (e), a right angle (f), a 
box (g), a glue pot (i) on the fire (h), a piece of glue (j) and a 
brush (k). (From Knight and Wulpi, 1927) 
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65 cm wide and 1.2 m in length and made of two layer wood glued 
together, covered with leather that was fastened to the wood by iron 
fasteners (Tarn, 1948). Sentance (2003) says that the legionaries of the 
Roman army were equipped with shields constructed from laminated sheets 
of steam-bent birch wood stuck together with animal glue. 

The bow is a weapon for hunting and warfare which has been used by 
humans for a very long time. The bow is normally of solid wood, where 
yew was a commonly used species in Europe for a long time. A technically 
more advanced weapon is the two-wood bow, where a thin layer of tough 
wood is fixed to a hard, compressible belly. The term "two-wood bow" is 
used by Insulander (1999) and is a translation of the Northern name of the 
Saami bow, tvividr. The oldest known two-wood bow is from Korekava in 
Japan, a find dated to 2600 B.C. (Rausing, 1967). This type of bow is 
considered to be typical of the Fenno-Urgian peoples and is particularly 
widespread in the western region of northern Asia (Adler, 1902). 

Insulander (1997) has studied the construction of the Scandinavian Saami 
two-wood bows. The oldest has been dated to ca. 200 B.C. but most of the 
finds are from the Middle Ages. This type of bow was constructed from 
two strips of wood, one of birch or other deciduous tree and one of 
compression wood from pine, which were glued together with a glue made 
from the skin from the perch fish (see also Schefferus, 1673; Linné, 1732, 
1737). The compression-resistant compression wood formed the belly of 
the bow, and the tenacious birch formed the back. The bows has static ears, 
which were more or less recurved and the bow was probably reflexed, 
Figure 2.20.  
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Figure 2.20 The construction of the Fenno-Urgian two-wood bow. 
a) Back strip of birch or other deciduous tree. 
b) Belly strip of compression wood from pine. 
c) Relaxed two-woodbow, slightly reflexed. 
d) Two-wood bow braced, slightly recurved ears. 

The laminate of birch and pine compression wood has exceptional qualities 
which together with static ears resulted in bows with an excellent 
performance. It has also been shown that fire was used during the 
construction of the bow. To protect the bow against moisture and water that 
could destroy the gluing, the bow was covered with a thin layer of birch 
bark. 

With a few exceptions, some of which have already been mentioned, it was 
not until the nineteenth century that we find veneer or thin wood sheets 
being used for purposes other than covering flat surfaces or surfacing 
curved and irregular shapes for embellishment purposes. As mentioned 
already, in the first half of the nineteenth century Michael Thonét and 
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others started experiments with multi-layered constructions of veneer, in 
some cases in combination with solid wood, to create curved shapes. 
Thonét developed his technique towards the bending of solid wood.  

Jean Joseph Chapuis built chairs out of laminated bent wood and he used 
laminated wood for the legs, the continuous stile and side rail. A series of 
four solid wooden rods, each about 6 mm thick, were glued together, bent, 
bound in a mould, dried, and then shaped to the appropriate form with a 
rasp. Whether or not Chapuis used steam to bend sections is not known 
(Ostergaard, 1987). 

Samuel Gragg was an innovative and inventive Boston craftsman, who 
received a patent in 1808 for what he dubbed his "elastic chair" (Gragg, 
1808; Podmaniczky, 2003). Although he began as an ordinary chairmaker 
manufacturing the Windsors popular in the early nineteenth century, Gragg 
is revered for his elastic chair patent, which involved a new method of 
bending continuous strips of wood with steam to form the back, seat and 
front legs of the chair. While the stylish product shares a profile with the 
classical chairs popular at the time, the result transcends its own period and 
looks forward to later bent wood furniture and even the streamline modern 
designs of the twentieth century. 
John Henry (Heinrich) Belter (1804−1863) came from the same tradition as 
Thonet but developed his ideas in the United States. His patents are related 
to the bending of laminates of wood in two directions around formers to 
shape such items as chair backs and bed frames (Schwartz et al., 1981). It is 
however, a common misunderstanding that Belter patented the manufacture 
of laminated woods or plywood.  

Belter immigrated to the United States from Germany in 1833 and is listed 
in New York City trade directories as a cabinet maker by 1844. Belter´s 
name is associated with the finest examples of Rococo Revival furniture. 
He is known particularly for the work he did in laminated rosewood, and 
only recently has it been confirmed that he was not the only furniture maker 
at this time in Unites States to use laminated wood (Schwartz et al., 1981). 
Belter was the single New York craftsman to obtain a series of patents on 
his innovative and unique design and very high quality construction. Belter 
obtained four patents during his career to protect his creative furniture-
making endeavours; a patent for machinery for sawing arabesque chairs in 
1847, a patent for bending wood in 1858, a patent for a bedstead design in 



 54

1856, and a patent for a bureau design in 1860 (Belter, 1847, 1856, 1858, 
1860). 

Rosewood is a very dense wood and it is also brittle which can make solid 
rosewood hard to use in complicated constructions e.g. curved shapes. The 
development of the technique of bending laminated wood into curved 
shapes obviates this problem and also enabled Belter to create designs that 
were more flamboyant than anything made of solid rosewood. The 1858 
patent was for the production of laminated furniture that curves in two 
planes, rather than just one, to form the section of a sphere and for the 
method to accomplish its precise assembly. Stave construction is 
specifically mentioned for fashioning spherical-shape backs in this patent, 
Figure 2.21. 

The making of a grand Piano rim is an interesting example of the process of 
laminated bending, and something that could not be accomplished in solid 
wood, Figure 2.22. The rim is normally made by laminating flexible strips 
of hardwood to the desired shape, a system that was developed by Theodore 
Steinway in 1880 (Steinway, 1880a, 1880b), Figure 2.23.  

The Steinway grand piano case is manufactured in one piece from eighteen 
layers of maple veneer, each the same length as the perimeter of the case, 
which are glued and pressed together in a special press designed by C. F. 
Theodore Steinway (Steinway, 1880a). The piano case had previously been 
manufactured from several pieces joined together, but lamination gives an 
exceptional stable case and a very rigid fixture for the sounding board. This 
method was soon adopted by other grand piano manufactures and is now 
the most commonly used technique. 
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Figure 2.21 Drawing from the patent by Belter illustrating a method for 
producing curved shapes of laminated veneer (Belter, 1858). 
Figures: 1−2. chair-back, 3−5. horizontal sections of chair-
back, 6. vertical section of chair-back, 7. horizontal section 
of chair-back in a larger scale, 8. one of the compound 
staves of which the chair-back is composed (A−D in figure 
1), 9. lamination of staves, 10−12. clamps between which the 
rough staves are held to be shaped, 13. tool for reducing the 
edges of the staves, 14−15. in- and outside of the dies (cawl) 
by which the chair-back is perfected (several chair-backs are 
manufactured at the same time and are after gluing sawn 
along the dotted lines), 16. scores in each end of the staves 
for fixing them in position, 17. horizontal section of the in- 
and all the outside dies with the hope and screw for 
compressing them. 
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Figure 2.22 A plan of the supporting-frame of a grand piano-forte, 
showing the bent rims, stiffening-braces, and consoles 
(Steinway, 1885). 

 

Figure 2.23 Top view of a former or template provided with the improved 
taper-linked clamps due to Theodore Steinway (Steinway, 
1880a). 
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Stringed instruments, of the violin and banjo families, are made of 
laminated veneer, and some combine curved shapes with beautiful 
matching of figure and artistic inlays. Drum sides was in older times also 
made of veneer. 

The economic aspects of using thin sheets of rare and beautifully figured 
veneers in order to secure the maximum surface of matched and uniformly 
patterned figure, instead of utilizing the full timber thickness of rare woods, 
did not make their appearance until the middle of the nineteenth century 
(Knight & Wulpi, 1927). Possibly in the older days when labour costs were 
low, and the transportion of bulky materials was extremely slow and 
expensive, the element of cost may have entered into the adoption of this 
technique. However, today most of the popular woods can be produced at a 
lower cost if made of a solid rather than a laminated construction. It is the 
superiority of laminated wood for beauty, durability and strength that has 
maintained its use in better furniture and cabinet-work, regardless of the 
additional cost. 
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3 
 

Elasto-Viscoplasticity of Wood under Thermo-Hydro-
Mechanical Actions 

3.1 Compressive forming of massive wood by THM actions  
The process of imposing a specific form on a wood element is called 
forming of wood, and it can involve bending, twisting, moulding or 
shaping. The forming of wood is achived by plasticizing the polymeric 
components of wood by hot water or other wood plasticizers such ammonia 
(NH3) or urea and utilising the porous structure of wood. The forming of 
wood offers the following advantages:  

• In contrast to wood machining, no waste is produced;  

• The process is simple and demands little labour;  

• The devices are relatively simple; 

• The rigidity and resistance of the formed elements are higher than 
those of materials produced by machining or sawing  

During wood forming, the wood passes through four distinctive states; it is 
plasticized, it undergoes large compressive deformations, it hardens and 
finally the compressive transformations are fixed through the relaxation of 
internal stresses. This chapter concentrates however only on the transversal 
compressive forming (moulding and shaping) of solid wood by Thermo-
Hydro-Mechanical (THM) treatment. In this process, the solid wood 
undergoes transverse densification.  

Wood has a cellular and porous structure. It is made of different natural 
polymers which are sensitive to the temperature and moisture content. 
During forming, wood undergoes a complex behavior which has been 
studied by e.g. Huet (1987), Navi and Heger (2005), Gril et. al (1993) and 
Uhmeier (1998).  Experimental results have shown that the thermo-hydro-
viscoplasticity of wood possesses several striking features such as 
mechanosorption effects, plasticization or softening, shape memory, stress 
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relaxation under THM treatment, hydrolysis and large deformation. This 
chapter describes these features of wood behavior. Since wood is 
plasticized and degrades under  high temperatures and moisture contents, 
this chapter is divided into two parts. The first part considers the elastic and 
viscoplasticity of wood under mechanical forces and moderate temperatures 
and moisture contents. It is assumed that the temperature and humidity are 
such that no chemical degradation or softening of the wood constituents 
occurs In the second part, the thermo-hydro-viscoplasticity behavior of 
wood at high temperatures up to 200 degrees and high humidities up to 
saturation are considered, where both chemical degradation and 
plasticization can occur. 

But first, a brief historical background of the THM process for solid wood 
forming is introduced. 

3.1.1 Historical background 
The concept of forming heated wet wood by mechanical forces is an old 
one. The Australian aboriginals used fire to harden the ends of wood stems 
and also to rectify twisted stems. In the middle ages, the manufacturers of 
boats for cruising and trade applied moisture vapor and force to curve long 
boards about 20 cm thick. During that period, the bending of sawn timber 
was a basic necessity in the construction of ships.  

Vorreiter (1949) has reported that in the 19th century the idea of wood 
densification by compressing it in its radial direction existed. Kollmann 
(1944) explains how at that time the technique of wood densification was 
used to improve the mechanical behaviour of wood by eliminating the 
porous space of the wood fibre lumens. Unfortunately, it was soon apparent 
that densified wood suffers from deformation instability. When densified 
wood was subjected to heat and humidity, it showed a tendency to recover 
from the compression and return to its initial dimensions. This 
phenomenon, which gives densified wood an apparent plasticity, was called 
“shape memory” or “compression-set recovery” and it limited the 
application of this type of product in the building industry. To eliminate this 
undesired phenomena, Stamm and Seborg (1941) impregnated a densified 
thin wood layer with phenol-formaldehyde resin and almost totally 
eliminated the set-recovery. This type of compressed-impregnated wood 
was industrialized under the name of “Compreg wood”, and Compreg wood 
is still made for example, in Germany and Holland.  
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On the other hand, Stamm et al. (1946) successfully eliminated the shape 
memory of densified wood by using a Thermo-Hydro-treatment at 180°C. 
This product, which presented small set-recovery, was called “Staypak”. 
Later, Norimoto et al. (1993) and Ito et al. (1998a) applied almost the same 
process as that developed by Stamm et al (1946) to eliminate the shape 
memory of thick densified wood. Advanced investigations of the densified 
wood treatment by THM processing have been reported by Tanahashi 
(1990), Inoue et al. (1993), Ito et al. (1998b) and Navi et al. (2005). They 
have shown that 4 minutes is sufficient to eliminate totally the shape 
memory of thin densified wood by THM post-treatment at 200°C. Other 
studies (Hill, 2006, Hon, 1996, Hon and Shirashi 1991) have shown that the 
thermal treatment of wood at temperatures higher than 200 °C may severely 
degrade the strength of the material.  

The purpose of recent research into the densification of wood and of the 
development of new techniques of THM post-treatment is to mould wood 
elements with larger dimensions. Currently in Japan various investigations 
into the THM moulding of wood being carried out. These processes are 
based on a two-directional transverse densification of wood elements. 
These processes involve 4 stages: wood plasticization by high temperature 
steam, compressive moulding, THM post-treatment and cooling. In one 
technique developed by Ito et al. (1998a), small trunks of wood with a 
round section can be transformed into trunks with a square section. A 
schematic presentation of the THM reactor, the moulding block and a 
photograph of a transformed trunk are given in figures 3.1 and 3.2. 

 

Figure 3.1 Thermo-hydro-mechanical reactor with a moulding  block. 
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Figure 3.2  Transformation of a circular trunk to a square section trunk 
by two-dimensional densification. 

A second process has been developed to produce high quality structural 
timber from weak density wood through compression moulding under high-
temperature steam treatment, figure 3.3. This process is called the 
“Compressed Lumber Processing System”. The differences between the 
two systems lie in the post-treatment stage. In the first technique, the 
moulding and post-treatment stages are continuous, whereas in the second 
technique these two stages are separated.  

 

Figure 3.3  Photo of two pieces of densified wood fabricated by 
“Compressed Lumber Processing System”. 
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From the 1990s, as in Japan, various investigations and research projects 
were started in Europe, in the United States and recently in Canada to study 
massive wood moulding and densification by THM action and post-
treatment. Recently, in Switzerland, Schrepfer and Schweingruber (1998) 
studied the deformation of wood cells during densification.  In Germany, 
Rapp et al. (2006), Rapp and Sailer (2001) have developed a system for 
wood heat-treatment based on oil at high temperature (OHT). In this open 
system, rapeseed oil is used and heated to above 200°C. The application of 
this system was investigated by Haller and Wehsener (2004) and by 
Welzbacher et al. (2008) to eliminate the set-recovery of large industrial 
scale densified woods. The results have shown that heating in oil at a 
temperature above 200°C can completely eliminate the compression-set 
recovery of large densified spruce plates.  

In USA due to the harvesting of fast-grown low-density wood, wood 
researchers have shown an interest in the potential opportunities for using 
densified wood in structural composite materials (Kamke 2004, Kutnar et 
al. 2009). To densify small low-density hybrid poplar specimens, Kamke 
and Sizemore (2005) have developed a new closed THM reactor system.  

At present, research in the field of wood moulding and wood densification 
as well as the post-treatment of compressed moulded wood by THM action 
aims to widen this field to large-sized wood elements for application in the 
construction industry. 

During the moulding of large-sized elements, cracks and exfoliations 
develop and this reduces the application of these products in practice. These 
problems, which are related to the size of the element, have not yet been 
totally solved, but it is known that to overcome these problems a deeper 
understanding of the fundamentals of wood behaviour during Thermo-
Hydro-Mechanical treatment is required. 
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3.2 Introduction to the elastic, plastic and viscoelastic 
behavior of wood under constant and variable climatic 
conditions 
When wood is subjected to an appropriate temperature and steam, its 
compliance properties increase and this makes possible forming operations 
through mechanical processes, but the product recovers its original shape 
after unloading. In THM processing, the compressive transverse strain is 
often greater than 3−5 % and hence finite or large deformations occur. For 
instance, through transverse hot pressing, a thickness reduction of more 
than 50 % can be obtained. In wood surface densification, a thin region of 
the wood surface can be densified by much more than 50 % through the 
elimination of the finite voids. 

In wood bending, depending on the wood species and the treatments, radii 
of curvature in the range of 4 cm for beech, 8 cm for birch and even 1–3 cm 
for elm can be achieved in boards 3 cm thick (Stevens and Turner 1970).  

3.2.1 Behavior of wood under mechanical loading 
During its growth, the tree develops an organized structure at different 
levels to support its weight, internal growth stresses and external forces. 
The properties of the wood are dependent on the wood micro-structure and 
on the wood constituents. The micro-structure of wood means that wood 
has an anisotropic behaviour. The strength and rigidity of wood are much 
greater in its longitudinal direction than in the transverse directions. The 
mechanical behaviour of wood in the radial direction is also different from 
that in the tangential direction. In a tree trunk, which is more or less 
cylindrical, the circular shape of the annual rings and the longitudinal 
nature of the cells give the wood axisymmetric mechanical properties. 
Obviously, this axisymmetric character is very idealized. In fact, wood 
contains many defects and imperfections. These are nodes, a non-uniform 
growth pattern and cracks. But, apart from the defects and imperfections 
due to natural growth, wood can be regarded as a cylindrical orthotropic 
material, with symmetry planes lr and rt at any point, the principle 
orthogonal directions r, t, and l, as shown in figure 3.4.  
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   (a)     (b) 

Figure 3.4   Wood  trunk represented by (a) a circular cylinder and (b) a 
close-up view of a small element cut from the trunk where l, 
r and t are the local principal axes. 

3.2.2 Instantaneous elastic response  
If a tensile force is applied to wood in the longitudinal direction, a force-
elongation curve is obtained, which is quasi-linear up to the breaking point, 
as illustrated in figure 3.5. This type of behavior involves to brittle fracture 
with an ultimate strain of about 3 %. This behavior occurs when the force is 
controlled. The typical response of a wood specimen to a simple tensile 
force when the displacement is controlled is shown in figure 3.6. This curve 
shows a strain-softening behavior after the peak, which is a consequence of 
strain localization (fracture with a damage zone) in the specimen.  
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Figure 3.5   Typical force-displacement curve of a wood specimen 
subjected to a controlled longitudinal tensile force. 

 

Figure 3.6  Typical force-displacement curve for a specimen in tension 
in the longitudinal direction under controlled displacement; 
(a) specimen after damage, (b) curve illustrating the linear 
region as well as strain softening of specimen after the peak 
force. 
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When subjected to a tensile force in the transverse direction, wood 
illustrates the same features as in the longitudinal direction, but the 
breaking and peak stresses are much lower.  

The behavior of wood under compression is different according to the 
directions of the loading as well as according to whether the material is in 
compression or in tension. Roussel (1997) examined the behavior of 25 x 
25 x 5 mm3 specimens of poplar  under simple compression in the three 
principal directions l, r, t when the deformation was controlled. Typical 
stress-displacement curves are shown in figure 3.7.  

 

 

Figure 3.7   Stress – strain curves of specimens of poplar (density 350 
kg/m3) of dimensions 25 x 25 x 5 mm3 subjected to 
compression in the direction l, r, t under controlled 
 displacement at a rate of 1 mm/min (Roussel, 1997). 
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Under axial compression, the stress-displacement curve passes through 3 
stages; a linear stage followed by a decrease in the slope (negative slope) 
marking the start of second stage with decrease of the stress. This can be 
accompanied by localized longitudinal buckling of the cell walls and/or 
local fracture. The third stage corresponds to the increase of the modulus. 
Transverse compression stress-strain curves also passes through three 
stages. The first stage shows a quasi-linear behavior with a low modulus 
follows by a decreased modulus indicating the second stage corresponding 
to a transverse flexural buckling of cell walls. The third stage is a 
progressive increase of the modulus, which can reach higher than the value 
in the first stage after the opposites cell walls progressively come into 
contact. During this stage the strain can reach more than 50 %, which 
indicates that a densification of the wood cell is occurring.  

3.2.3 Mechanisms of wood cellar deformations under longitudinal 
compression 
Many researchers have studied the mechanisms at the cellular level when 
wood is deformed by compression forces; Gibson and Ashby (1988), 
Hoffmeyer (1990), Gril and Norimoto (1993), Roussel (1997) and Navi and 
Heger (2005). At the cellular level, the microstructure of softwood is more 
simple and uniform than that of hardwood. It consists of longitudinal 
tracheids resembling hollow cylindrical cells which occupy approximately 
90 % of the volume, as shown in figure 3.8. The ray cells are directed in the 
radial direction in the rt plane.  
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Figure 3.8   Diagrammatic representation of a small coniferous wood 
specimen as an assembly of tracheids and ray cells. The 
values given are for Spruce. 

Figure 4.4 indicates that the response of wood to a simple compression in 
any of the principal directions generally includes three distinct segments. 
The specimens behave almost linearly up to a certain limit, which depends 
on the direction of the applied force. The slopes of the first segments of the 
curves; O−M1, O−M2 and O−M3 in figure 3.7 give the effective Young´s 
modulus of the specimens in the l, r and t directions respectively. Above the 
linear limit, wood behaves differently in the l direction from the other two 
directions. In the longitudinal direction, there is a smoothening behaviour 
(strain softening), segment M1−N1, followed by a rigidification or 
densification behaviour, segment M1−Q1. In the two R and T directions, on 
the other hand, wood presents a standard plastic behaviour with positive 
work hardening, segments M2−N2 and M3−N3, followed by a 
rigidification or densification. 

The softening behaviour can be explained by various mechanisms of 
deformation at the cellular level. Many researchers have observed this 



 76

behaviour on various kinds of wood. For wood of low density (< 300 
kg/m3), showed that the cause of the wood softening is the collapse of 
fibres by rupture at the ends of the cells. This mechanism is shown 
schematically in figure 3.9b. In wood of high density, the softening of the 
wood to be due to local buckling of the Euler type in the walls of the cells, 
illustrated in figure 3.9c, which generally leads to the formation of a shear 
band as shown on figure 3.10. 

 
 

  (a)   (b)   (c) 

Figure 3.9   Diagrammatic representation of the mechanisms of 
deformations of wood cells under a longitudinal 
compression force; (a) wood before the application of the 
force, (b) collapse of fibre: by rupture, (c) collapse by the 
buckling of cell walls. 
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    (a)     (b) 

Figure 3.10   Collapse of the specimen by the buckling of fibres, which 
creates a shear band at the  macro-level; (a) observed at 
the macro-level, (b) observed at the cell-wall level. 

3.2.4 Deformation of wood under compression in the radial and 
tangential directions 
In the r and t directions, the stress-strain curves as shown in figure 3.7 and 
the deformation mechanisms are interpreted as follows:  

The first zone represents a linear elastic behaviour of wood, while the 
second zone (segments M2−N2 and M3−N3), shows a plastic behaviour of 
the cell walls. The N2−Q2  and N3−Q3 segments show rigidification of the 
specimen. These phenomena have been explained by different researchers 
as follows. Under the application of a compressive force in the radial 
direction, deformation occurs as a flexural buckling (or crushing) of the 
walls of fibres starting in the weakest layer of the material. The cells of 
earlywood are the first to buckle because their walls (~2µm) are thinner 
than those of the cells of latewood (~10µm). This buckling leads to the 



 78

establishment of points of contacts between the cell walls (figure 3.11) and 
the local rigidity is increased so that this layer can again support a force 
sufficient able to plasticize the next layer which becomes the weakest one. 
These deformation mechanisms consisting of localization, buckling and 
densification have been observed by e.g. Gibson and Ashby (1988). A 
diagrammatic representation of this phenomenon is given in figure 3.12. 
After the first cellular roe yields, the phenomenon is propagated gradually 
to the other rows of earlywood cells. 

 

Figure 3.11   Micrograph of a densified spruce in the radial direction at a 
ratio of 5 % shown  by a confocal microscope. The contact 
points between cellular walls are shown by red dots. 

In softwoods, the earlywood yields first in the radial direction followed by 
the latewood, whereas in the tangential direction buckling of the cell walls 
occurs at the same time in latewood and earlywood cells.  

The slope of the curves in the second zone increases with increasing 
compressive force, due to a closing of the lumens and multiplication of the 
points of contact between the walls of the cells of the initial wood. As the 
compression force increases, the thickness of these bands of buckled cells 
increases and others start to yield. When all the lumens are closed, the 
stress necessary to continue the deformation will increase exponentially. 
This corresponds to the third zone. 
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  (a)   (b)   (c) 

Figure 3.12   Diagrammatic representation of the mechanisms of 
deformation on the cellular level of wood in radial 
compression: (a) wood before compression, (b) deformation 
 localisation and crushing of fibres in the weakest layer and 
partial densification, (c) crushing of fibres in the weakest 
layer followed by densification. 

3.2.5 Constitutive equations of an elastic orthotropic material 
When the strain is smaller than 5 %, wood can be considered to be elastic. 
The constitutive equation defined as the relation between the strain tensor 
and the Cauchy stress tensor is written: 

{ } [ ]{ }σSε =        (3.1) 

where the relation between the strain and the constraint are given by a 
tensorial expression: 

            3) 2, (1,  l k, j, i,       withσS  ε klijklij ∈=    (3.2a) 
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The relation (3.2a) includes the convention of summation (convention of 
Einstein) of a repeated index. For a numerical solution, it is often 
convenient to substitute the tensorial notation (3.2b) with a matrix notation: 

....6) 2, (1, βα,       withσ S  ε βαβα ∈=

     
(3.2b) 

where ⎨ε⎬ defines the components of the strain vector: 

{ } { }T
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Where u, v and w are displacements in x, y and z directions respectively. 

 ⎨σ⎬ defines the components of the stress vector: 

{ } { }T
654321 σ,σ,σ,σ,σ,σσ =       (3.5) 

with σ4 = τ23, σ5 = τ13 and σ6 = τ12, and [S] is the matrix of elastic 
compliance. 

The matrix of compliance of the wood, considered as an orthotropic 
material along the r, t and l axes, is given by: 
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where, Er, Et, and El are the Young´s moduli corresponding respectively to 
the r, t axes and t, Grl, Gtl, Grt are the shear moduli corresponding 
respectively to the rl, tl, rt planes and  νrl, νlr, νrt, νtr, νtl, νlt are the Poisson's 
ratios. 

For an orthotropic material, the matrix [S] is symmetrical, i.e.: 
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The elastic properties of each species of wood are therefore completely 
defined by 9 parameters, Er, Et, El, Grl, Gtl, Grt and νrl, νtr, νtl. It should be 
noted that these characteristics are functions of the moisture content and the 
density of wood, and are different for each species. The characteristics 
elastic moduli of some wood species aregiven by Kollman and Côté (1968), 
Bodig and Goodman (1972), Aval (1980), Huet et al. (1988). A detailed list 
of the characteristics of different species is also given in Guitard (1987). 
Table 3.1 gives the indicative values of the elastic characteristics of certain 
species. 

 

 

 



 82

Table 3.1 Elastic characteristics  of some softwoods and   
  hardwoods. 

Elastic 
constants 

Spruce 
(Pieca 
sitchensis) 

Douglas 
(Pseudotsuga 
menziesii) 

Fir (abies ) Poplar 
(Populus 
alba) 

Oak 
(Quercus 
rubra) 

Beech 
(Fagus 
silvatica) 

Moisture 
content (u)% 

12 12 13 14 12 11 

Density (kg/m3) 360 590 310 400 600 740 
El (N/mm2) 10 700 16 550 8 020 6 830 14 800 14 000 
Er (N/mm2) 649 1 300 816 1 190 1 500 2 280 
Et (N/mm2) 348 900 304 493 828 1 160 
Grl (N/mm2) 533 1 200 558 1 000 967 1 640 
Grt (N/mm2) 41 80 48 200 398 470 
Gtl (N/mm2) 438 929 461 900 695 1 080 
νrl 0,02 0.03 0,03 0.04 0.06 0.07 
νtr 0.3 0.41 0.25 0.37 0.33 0.36 
νlt 0.4 0.38 0.33 0.45 0.69 0.52 

 

Experimental results on many wood species shows the following related 
orders of magnitude for the Young’ moduli of wood in the three principal 
directions: 

El > Er >Et         (3.8) 

In general νrl and νtl have very small values and the shear moduli  have the 
following order of magnitude: 

Grl > Gtl > Grt        (3.9) 

3.2.6 Constitutive equations for the large nonlinear deformation of 
materials 
Figure 3.7 show that wood under compression in the transversal direction 
can deform by more that 50 %. When the deformation is greater than 5 %, 
the behavior is non-linear and to account for such large deformations, 
appropriate stress and strain tensors and constitutive relations must be 
considered. For modeling large deformation of wood, depending on the 
nature of the problem, different models on the microscopic or macroscopic 
levels can be implemented. Nairn (2006) has studied the transverse 
compressive deformation of wood under ambient conditions with different 
techniques applied at microscopic level. Tabarsa and Chui (2000) 
interpreted the large deformation of wood under transverse compression by 
applying an analytical model derived by Gibson and Ashby (1988) for a 
foam made of a regular array of hexagonal cells. In other work, Nairn 
(2006) implemented the Material Point Method (MPM) to simulate  
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Figure 3.13  Wood structure at a cellular level during radial compression 
as compressive strain, from Nairn (2006).  

numerically the transverse compression of wood at the cellular level.  
Figure 3.13 shows the deformation of a piece of loblolly pine (0.832 x 
0.541 mm2) at different strain levels. 

Nairn showed that the MPM technique can account for material 
heterogeneity, material nonlinearity, large deformation and the contacts 
between cell walls during the wood densification. This method has been 
developed as a numerical method for solving problems in dynamic solid 
mechanics by Sulsky et al. (1994, 1996). In this method, the solid material 
is assumed to be an array of points, where each point can be assigned 
specific material properties, such as mass, stiffness and toughness. To 
evaluate the bulk material properties a mechanical test simulation is carried 
out through a series of time steps, where in each step the point properties 
such as position, velocity, and stress are calculated by imposing the current 
point properties onto a background grid for computation.  

Rengsri et al. (2005) interpret the indentation test on wood by applying the 
finite element technique to study the local deformation of the cells under 
compressive transverse forces. They could also verify experimentally the 
potential of finite element methods for the modeling of large deformation in 
wood. Experimental and simulated numerical results are compared in figure 
3.14. 
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Figure 3.14   Comparison of experimental results with those of two 
different finite element packages; (a) experiments on Teflon, 
(b) result obtained by CASTEM2000, (c) results obtained by 
MSC.Marc, from Rengsri et al. (2005).    

The application of these techniques is limited to small specimens and for 2-
D problems, whereas wood elements used for example in wood shaping are 
usually large. In addition, the overall “macroscopic” characteristics of wood 
are easier to measure than the “microscope” values. We shall therefore try 
to explain large deformation of wood on the macroscopic level. It is 
necessary to note that there is no microscope modeling that is particularly 
developed for the study of large deformations in wood. On the other hand, 
phenomenological models have been developed for nonlinear elastic 
materials, materials generally known as hyperelastic.  Many materials like 
elastomers, or porous solids like foams, and biological tissues, are referred 
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to as quasi-elastic materials, and they may be considered to be hyperelastic.  
Generally, modeling of these materials by a finite element method is based 
on a strain energy function. To present this approach, we shall first give an 
overview of large deformation, Green-Lagrange strain, appropriate stresses, 
constitutive equations for a non-linear elastic material and a strain energy 
function for a new hookeian isotropic materials, based on information given 
in BME/ME 506, Computational modeling of Biological Tisses. 

3.3 Elasto-viscoplastic behaviour of wood constituents under 
thermo-hydro-mechanical (THM) actions at temperatures until 
200°C 

3.3.1 Introduction 
The term "plastic" is given to macromolecular organic materials which can 
be softened and melted by heating, as in thermoforming, extrusion or a 
moulding process. Like plastics, wood consists of organic macromolecules 
but it nevertheless exhibits a different rheological behaviour under heating 
because of its composite cellular wall structure. Wood consists primarily of 
cellulose, hemicelluloses and lignin with small quantities of minerals and 
extractive substances. The principal components are organized in a multi-
layer fibrous composite forming the cellular walls and middle lamella. The 
fundamental properties of wood are related to its principal components. 
Nevertheless, they result not only from the simple summation of the 
properties of each component taken individually but also from their 
interaction. The apparent plasticity of wood under thermo-hydro-
mechanical conditions is a revealing example.  

When wood is subjected to thermo-hydrous conditions softening its 
amorphous components, it becomes easily to deform and this open the way 
to many industrial processes such as moulding, densification, large 
bending, shaping, surface densification etc. Unsuitable high-temperature 
THM conditions can mechanically damage and chemically degrade the 
wood. It is essential to understand the elasto-viscoplastic behaviour of 
wood during THM processing and its chemical degradation. It will be 
shown in the next sections that thermo-hydrous processes at higher 
temperatures may lead to severe degradation in the wood and reduce the 
mechanical and fractural strength. This chapter describe the effect of THM 
actions on the elasto-viscoplasticity of wood, on the chemical degradations 
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and on the compressive –set recovery (shape memory) at temperatures up to 
200°C.  

Firstly, the mechanical behaviour and chemical degradation of THM-
densified small samples of wood in a closed system will be demonstrated as 
a basis for studying the THM-elasto-viscoplasticity behaviour of wood. 
This case study is chosen for two reasons: 

• Wood densification in a closed system is a process in which all the 
parameters involved in THM treatment, such as time, temperature, 
humidity and force are present, and each of them must be controlled 
accurately during the treatment. 

• Samples of small size make it possible to guarantee the 
homogeneity and reproducibility of the wood specimens and the 
uniformity of temperature and moisture content inside the 
specimens during the densification and post-treatment processes.  

The properties of wood depend 0n the temperature and moisture content. 
The amorphous wood constituents, hemicelluloses, lignin and regions of 
semi-crystalline cellulose soften during the THM process. It is important to 
understand the softening of the wood constituents, which is related to their 
glass transition temperatures (Tg), a topic well developed in polymer 
science.   
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3.3.2 Glass transition temperature of amorphous and semi-
crystalline polymers   
The transition temperature of an amorphous polymer marks the border 
between two fundamental states: the glassy, hard and brittle state and the 
soft, rubbery state, figure 3.15. Their physical and mechanical properties 
are characterized as follows: 

• The physical properties in the glassy state of an amorphous material 
vary similar to solid phase whose values are not strongly sensitive to 
the chemical nature of material like to the topology of the polymeric 
network. The molecular movements which occur in this state are of 
low amplitude (movements of side groups or co-operative 
movements of a few monomeric units).  

• In the rubbery state, the modulus of elasticity is 3000 to 4000 times 
lower than that of the glassy state, and the elongation at rupture is 
about 100 times greater. This high extensibility is due to the fact 
that thermal action decreases inter- and intra-molecular cohesion 
(Van der Waals forces, hydrogen bonds). Molecular movements of 
large amplitude (macromolecular movements) and the complete 
extension of the segments of the macromolecular chain are then 
possible, thanks to rotation around the covalent carbon-carbon (- C - 
C -) and carbon-oxygen (- C - O -) bonds.  

    

Figure 3.15 Variation in the modulus of elasticity with temperature for 
an amorphous polymer 
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The ratio between the energy of the secondary forces responsible for the 
cohesion of the molecules in a glassy state and the thermal energy 
necessary for the displacement of a segment determines whether a whole 
macromolecule is a molten mass, or in a rubbery or glassy state.  

The glass transition is a characteristic of almost all organic polymers, but it 
is more apparent if the material is amorphous. Semi-crystalline polymers 
also exhibit such properties, but the amplitude of the phenomenon remains 
often little marked, figure 3.16. 

  

 

 

Figure 3.16  Storage modulus as a function of temperature for a) 
amorphous polymers (1: rubber, 2: organic glass), b) semi-
crystalline polymers such as PE or PP (increasing 
crystallinity from 1 to 3), c) semi-crystalline polymers such 
as PA or PET (increasing crystallinity from 1 to 3), d) 
amorphous polymers, tri-dimensional (increasing cross-
linking from 1 to 3). The dotted vertical lines indicate room 
temperature. 

Glass transition temperature (Tg) of wood components 
Investigations have been carried out to determine the glass transition 
temperatures of lignin, hemicelluloses and semi-crystalline cellulose by e.g. 
Goring (1963), Baldwin and Goring (1968), Takamura (1968), Back and 
Didriksson (1969), Hatakeyama et al. (1972), Alfthan and de Ruvo (1973), 
Back and Salmén (1982), Lapierre and Monties (1986) and Salmén (1979).  

Baldwin and Goring (1968) have shown that Tg of the isolated components 
of wood differ from those in native wood. Back and Salmén (1982) 
reviewed the glass transition temperatures (Tg ) of lignin, hemicelluloses 
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and semi-crystalline cellulose according to their moisture contents. It is 
often difficult to determine the Tg of wood components and the results 
obtained have differed for several reasons: 

• The chemically extracted components can be different from the 
native components of wood, because of changes during their 
isolation or separation.    

• The Tg is determined by different techniques such as TGA (Thermo-
Gravimetric Analysis), TDA (Thermo-Differential Analysis) and 
DSC (Differential Sweeping Calorimetry).  

• Some of techniques are not capable of determine Tg of wood 
components for example in the saturated state. 

The glass transitions of the polymeric components of wood in anhydrous 
conditions occur at relatively high temperatures where their rate 
decomposition is usually rapid. To limit the decomposition, it is thus 
important to use fast techniques to determine Tg.  

For anhydrous cellulose the Tg lies between 200 and 250°C. This variation 
is due to various parameters such as degree of crystallinity, the method used 
for the extraction of the cellulose, the time of measurement or to different 
criteria being employed to define the transition temperature. For anhydrous 
hemicelluloses, the glass transition temperature lies between 150 and 
220°C. This variation is due partly to the differences in chemical 
composition and conformation of the hemicelluloses but more importantly 
to differences in their functional groups. Destruction of the functional 
groups and the reduction of the molecular weight during isolation can also 
influence Tg. According to Alfthan et al. (1973) and Yano et al. (1976), the 
average value of Tg of native hemicelluloses containing side groups in an 
anhydrous condition should be about 180°C.  

The variations observed in the Tg of lignin are probably due to the 
difficulties of extraction which can degrade its chemical and physical 
structure. The results compiled for unsulphonated and unoxidized lignin 
shows a variation between 140 and 190°C. The molecular weight of this 
isolated lignin is in most cases significant lower that of native lignin, which 
has a notorious effect on Tg. Salmén (1979) has suggested a transition 
temperature of approximately 210°C for native lignin. 
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                                 (a)                                                      (b) 

Figure 3.17  Glass transition temperature; a) isolated components as a 
function of moisture contents (Salmén, 1982), b) matrix of 
native hemicelluloses-lignin, function of the relative 
humidity of environment (Salmén et al., 1986). 

Figure 3.17a show the glass transition temperatures of the isolated wood 
polymers as functions of moisture content, and figure 3.17b shows the glass 
transition temperature of the native matrix of hemicelluloses and lignin as a 
function of the relative humidity. It is thus essential to consider wood as a 
cellulose - hemicelluloses - lignin material whose three principal 
components are chemically linked together. At a relatively high moisture 
content, figure 317a shows that the lignin has the highest glass transition 
temperature, apart from crystalline cellulose. Logically therefore, the lignin 
determines the minimum temperature of the THM wood processing. The 
choice of the temperature of forming must be selected according to two 
criteria. It should be at least 25°C higher than Tg of the lignin, i.e. 
approximately 110°C under moisture saturated conditions and 
approximately 140°C at 80 % relative humidity. To limit thermal 
degradation of the wood components, the limit of 200°C should not be 
exceeded. The thermo-hydrous window for the process of forming wood is 
thus limited to temperatures and relative humidities varying from 110 to 
140°C and 80 to 100 % respectively. Under these conditions, lignin, 
hemicelluloses and the semi-crystalline cellulose are relatively mobile and 
can be deformed easily thanks to two molecular phenomena: 
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1) The inter- and intra-molecular interactions of the Van der Waals 
type in an amorphous or semi-crystalline polymer decrease strongly 
when its temperature is higher than its Tg.  

2) The inter- and intra-molecular interactions of the hydrogen bond 
type in an amorphous polymer which has functional hydroxyl (-OH) 
groups decrease strongly when its moisture content increases. The 
adsorbed water molecules are placed between the molecules by the 
hydroxyl groups. Consequently the average inter-molecular distance 
and the mobility of the molecules increase, and this lowers the Tg. 

The water molecules act as a plasticizer by decreasing the interactions 
between the hemicelluloses and lignin macromolecules and the amorphous 
regions of the cellulose. 

The semi-crystalline cellulose and hemicelluloses have many hydroxyl 
groups and are highly hygroscopic so that, when they are saturated with 
water, their Tg drops to a temperature lower than room temperature (figure 
3.17). 

On the other hand, lignin contains less hydroxyl groups and water does not 
therefore have a great impact on its Tg which is approximately 85°C under 
saturation conditions. The large number of hydrogen bonds in crystalline 
cellulose means that it has compact and stable structure and that water is 
unable to penetrate into the crystal lattice. Only the hydroxyl groups on the 
surface of crystallites can adsorb water. Consequently, the fibrils remain 
crystalline and very rigid at high temperatures and high moisture contents. 
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3.3.3 Influence of temperature and humidity on the hygro-plasticity of 
wood   
When saturated with moisture at room temperature, the semi-crystalline 
cellulose and hemicelluloses are in their rubbery state, but lignin is in its 
glassy state and a higher temperature is required if wood is to be deformed 
easily. Uhmeier et al. (1998) have shown that the plasticity threshold of 
wood decreases with increasing temperature, figure 3.18. The derivative of 
the threshold of plasticity with respect to temperature has a maximum at 
85°C, figure 3.19b. This is probably related to the glass transition of lignin 
of spruce under saturated conditions. The glass transition temperature (Tg ) 
of the in situ lignin under saturated conditions has been determined by 
Salmén (1984) and by Olsson and Salmén (1992) using MDA (mechanical 
dynamic analysis).  They have shown that tan (δ) passes through a 
maximum at 83°C. It is usually possible to mould polymers at Tg  + 25°C, 
and one can therefore reasonably expect that under saturated condition 
wood can easily be formed at temperatures above 110°C.  

The term "plasticity threshold" of wood is often employed improperly. It 
would be better to talk of the "buckling threshold" of the cellular walls in 
the direction of loading, because the material is viscoelastic and this 
deformation is partially or even totally reversible, so that the plasticity is 
only apparent. Only materials like metals, for example, present a truly 
plastic behaviour (figure 3.20). When metals are loaded above their elastic 
limit, they undergo an irreversible plastic deformation which corresponds to 
dislocations due to local shear stresses, but their modulus is not modified in 
loading-unloading. Wood does not behave the in this manner when its 
elastic limit is exceeded; instead one may talk of damage and apparent 
plasticity and its modus decreases in loading-unloading. The energy used 
for the deformation is partly stored by wood and it partly regains its initial 
shape if it is soaked in water or heated (figure 3.21). A permanent 
deformation nevertheless remains, which is a sign of structural damage or a 
chemical degradation of the wood components. At temperatures below Tg  
of lignin + 25°C, the damage is important and probably involves the woody 
rays (when the densification is in the radial direction) and the cellular zones 
are largely deformed. On the other hand, above Tg  + 25°C, the permanent 
deformation is primarily due to thermal degradation of the wood 
components. 
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Figure 3.18  Stress-strain curves at various temperatures. The "typical" 
curve for each temperature is indicated by a thicker line 
(Uhmeier et al. 1998). 

 
 

 

Figure 3.19  a) Threshold of plasticity in radial compression 
(logarithmic scale) as a function of temperature. b) 
Derivative of the threshold of plasticity with respect to 
temperature as a function of temperature (Uhmeier et al. 
1998). 
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Figure 3.20  Diagram illustrating the stress-strain curves for various 
types of rheological behaviour (Grill & Norimoto, 1993). 

 
 

 

Figure 3.21  Stress-strain curves of compression of a coniferous tree 
(Sugi) with restraints (Liu et al. 1993). 
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3.3.4 Influence of temperature on the thermal degradation of wood 
The thermal degradation of wood can be shown for example by studying 
the recovery of densified wood samples at different temperatures under 
water-saturated conditions. Spruce samples of 40x40x30 mm3 (l x t x r) 
were densified in the radial direction. The compression process of the 
densified wood in a closed system is shown in Figure 3.22.  

The specimens were compressed to a pre-determined level of C = 65 % 
under the same conditions of loading and time, but at different 
temperatures. The compression C is defined as: 

   100(%) X 
R

R - R
 = C

0

c0  

 

 

Figure 3.22  Diagram of the stress and displacement rate as a function of 
time during compression in the radial direction of 40x40x30 
mm3 (l x t x r) spruce samples, (Heger, 2004). 

 
   (4.108) 
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where 0R  is the initial thickness of the specimen in the compression 
direction and cR  is the thickness after compression.  

The recovery test consists of immersing the compressed samples in distilled 
water at 60°C for 5 days and drying them at 30°C for 5 days. After this 
procedure has been repeated 5 times, the samples are carefully dried to 
determine the permanent set R, defined by the expression:  

  100(%)  
R- R
R - R

 = 
c0

cc XR
′

     (3.10) 

where  cR′  is the thickness of the specimen after recovery. This test reveals 
any mechanical damage and thermal degradation due to the compressive 
forces, moisture vapour and heat. Figure 3.23 presents the recovery process 
and figure 3.24 shows the permanent set as a function of the temperature 
during compression. 

 
 

 

Figure 3.23  Recovery of samples subjected to compression cycles under 
saturation conditions at different temperatures between 
110°C and 200°C, (Heger, 2004). 
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The recovery decreases only slightly below 140°C, which confirms the 
results of Morooka et al. (    ), who have shown that thermal degradation of 
wood after wet heating for 20 minutes at 140°C is negligible. The recovery 
starts to diminish strongly above 150°C and continues to decrease until it 
becomes negligible at 200°C. The strong reduction observed above 150°C 
may be related to the increase in the derivative of the threshold of plasticity 
at about 150°C observed by Uhmeier et al. (1998), shown in figure 
4.40b.They suggested that this increase is due to some phenomenon other 
than thermal softening. Morooka et al. (   ) have observed extensive thermal 
degradation after wet thermal treatment for 4 minutes at 180°C. The nature 
of this thermal degradation is further discussed in the section devoted to 
post-treatment by THM processing. The optimal compression temperature 
is therefore approximately 110°C, which is the limiting temperature which 
allows good plastic deformation of the cellular structure of wood without 
any extensive thermal degradation. 

   

Figure 3.24 Permanent-set of samples of spruce compressed at 
temperatures between 110°C and 200°C with a compression 
rate of 10 mm/min (Heger, 2004). 
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3.3.5 Deformation of the cellular structure of spruce during 
transverse compression  
When subjected to transverse compression, the cellular structure of wood 
undergoes a large deformation according to precise stages (Schrepfer and 
Schweingruber, 1998). In order to study the cellular deformation, SEM-
micrographs were taken of wood at different degress of compression. 
Figures 3.25 and 3.26 present confocal photomicrographs at the cellular 
level of specimens compressed to 5, 35, 50 and 65 %. These compression 
ratios correspond respectively to the letters A, B, C and D respectively in 
figure 3.22. In these photomicrographs, several stages during the 
deformation of the fibres can be observed: 

1) When a compressive stress is applied, the cells deform elastically 
until the buckling threshold is reached, which is at approximately 
0.5 MPa at 140°C under saturated moisture conditions. The cell 
walls then undergo mechanical damage and the cell lumen starts to 
be closed. The deformation occurs as through the cells had been 
sheared1. The earlywood cells are the first to be deformed, because 
the thickness (~2 µm) is much less than that of the latewood cells 
(~10 µm). In general, crushing starts near the interface between the 
last row of latewood cells and the first row of earlywood2 cells. 
After the buckling threshold has been passed (A in figure 3.22), the 
stress increases only slightly. 

2) When the first cellular row yield, the phenomenon is propagated 
gradually as shown in figure 3.26b. The stress increases almost 
linearly up to a compression of 35 %. This increase is due to a 
closing of the lumens which multiplies the points of contact 
between the walls of the earlywood cells. This makes it possible to 
transmit a slightly higher stress to the closed cellular rows3. As the 

                                                 
1) In figure 3.27b even under a weak stress, it is possible to see the mode of deformation 
by cellular shearing and the zigzagging of the woody rays.  

2) During compression, one can distinguish in the photomicrograph in figure 4.49a two 
types of walls: the walls between two red points or two green points are tangential walls 
and the walls between a red point and a green point are radial walls. The radial walls are 
the first to be deformed. Moreover, they contain many pits which decrease their resistance. 
Figure 3.28b shows the sinusoidal deformation after compression. 

3) Each cell has its own yield stress beyond which it is crushed (buckled). This yield stress 
depends on the thickness of the walls. The cells having the thinnest walls in the direction 
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compression increases, the thickness of these crushed bands 
increases and others rows of cells start to yield.  

3) When the multiplication of contact points has spread throughout the 
earlywood zone and the compressive stress has increased 
sufficiently, the walls of the latewood cells start to yield (figure 
3.26a). Above a compression of 35 %, there is a more marked 
increase in the stress. The latewood cells are not deformed in the 
same manner as the earlywood cells, because the wall is thicker and 
does not exhibit a sinusoidal deformation on compression. 
Moreover, the latewood zone is less porous than the earlywood 
zone.  

4) When all the cell walls have yielded, even those of the latewood 
cells, the stress necessary to continue the compression increases 
exponentially because the areas of the cell walls in contact increases 
(cf. 3.26b). The compression is total when all the lumens are 
entirely closed. The compression can not proceed without risking 
degrading the microstructure of the cell walls, because the cell wall 
is then compressed. 

 

                                                                                                                           
of the applied compression, yield first. To deform cells with thicker walls, it is necessary to 
increase the applied pressure and for this pressure to be transmitted through the points of 
contact between cell walls. These points are visible on the photomicrograph in figure 
3.28b. Each surface which buckles contribute to an increase in these points of contact and 
consequently to a slight increase in the pressure, and thus to the crushing of the next row of 
cells. 
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 (a) (b) 

Figure 3.25  Confocal photomicrographs of compressed specimens of 
spruce with a compression of: a) 5 % (A in figure 3.22); a 
cellular band crushing of the earlywood can be seen, b) 35 
% (B in figure 3.22); most of the earlywood cells are 
crushed. 

Direction of 
compression 
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(a)      (b) 

Figure 3.26  Confocal photomicrographs of compressed specimens of 
spruce with a compression of: a) 50% (C in figure 3.22); all 
the earlywood cells and some of the latewood cells are 
crushed, b) 65% (D in figure 3.22); all the spring and 
latewood cells are crushed. 
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 (a) (b) 

Figure 3.27  Confocal microscopy photomicrographs of a spruce sample 
a) before compression and b) totally compressed. In red: 
zigzag deformation of wood rays. 

Under compression, the cell walls are deformed with a certain degree of 
regularity. When a cell row is crushed, the tangential walls which are in 
opposition shear and lead to a systematic deformation of the S-shaped  or 
Z-shaped radial walls following the direction of shear (cf figures 3.28 and 
3.29). 

The middle lamella plays a dominant part in the compressive deformation 
of wood, because, thanks to pectin, it allows each cell to rotate relative to 
its neighbours in order to minimize the stress on the structure (figure 3.30). 
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 (a) (b) 

Figure 3.28  Confocal photomicrographs a sample of densified spruce 
compressed to 5 %; detail of a partially crushed earlywood 
zone. a) The corners of each cell are indicated by red and 
green points. The red and green points indicate horizontal 
faces in opposition. b) the points of contact between cell 
walls are indicated by red points. 

 
 

 

  (a)      (b) 

Figure 3.29  Diagram of the S-shaped deformation (or Z if shearing is 
exerted from left to right) of the radial cell walls of spruce;  
(a) cells before compression, (b) cells after compression. 
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Figure 3.30  Confocal photomicrograph showing the rotation of some 
cells relative to the others after compression at 140°C under 
saturated moisture condition. 
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3.4 Chemical degradation of wood constituents under thermo-
hydro-mechanical (THM) actions at temperatures until 200°C  

3.4.1 Reactivity of the wood components in acid conditions 
In previous sections, it was pointed out that high temperature steam, i.e. 
high humidity and temperature, may chemically degrade wood. In this 
section, the degradation of the wood components up to 200°C is discussed. 
Hemicelluloses contain many carboxyl groups, and this makes wood rather 
a naturally acid material. The reactivity of the wood components under acid 
conditions is special. Indeed, the components which can be hydrolysed 
participate in the acidification of the medium. The acid medium can be very 
different according to the conditions under which the THM treatment is 
carried out. The temperature and the moisture content can strongly affect 
the reactivity of the medium. 

Effects of temperature and moisture content 
At high temperatures, the dissociation of water molecules is higher than the 
dissociation at 25°C, which is 10-7 mol/l. At a temperature of about 200°C, 
the dissociation is 10-6 mol/l, i.e. at this temperature the pH of water is 6 
and not 7. In most chemical reactions, the increase in temperature also 
increases the speed of the reaction, so that the effect of temperature may be 
doubled in the presence of water.  

The presence of water in wood at a high temperature thus plays three 
important roles: it makes hydrolysis possible, it ensures the mobility of the 
protons and it participates in the acidification of the reactive medium. 
However, it is the quantity of water present which most influences the acid 
medium. If water is present in a only very small quantity, it will take part 
only in the hydrolysis, but will not be sufficient to dissolve the reaction 
products. The reactive medium is thus solid and strongly localized around 
the glycosidic links. On the other hand, if the amount of water present is 
large, the reaction products will be dissolved and take part in the 
hydrolysis. Their mobility increases with increasing moisture content. 
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3.4.2. Reactivity of polysaccharides 
The principal functional groups in the polysaccharides which are potentially 
reactive are:  

 Reducing terminal groups 

 Glucosidic links 

 Hydroxyl groups  

The reactivity of these functional groups varies strongly however between 
cellulose and hemicelluloses because of their chemical structure and their 
molecular arrangement within the cell wall and in the middle lamella. 

Reducing terminal 
All natural polysaccharides contain a reducing terminal group. This group 
is a hemi-acid, and it is partially converted into an aldehyde with an open 
chain in solution. This functional group can reduce or be oxidized to an 
alditol or an acid aldonic group. Also, since the hydroxyl group on the C1 
carbon of the reducing terminal group is most highly acid, it can be 
selectively esterified. The reducing terminal groups of cellulose are 
naturally less accessible than those of hemicelluloses because of the semi-
crystalline nature of the microfibrils of wood cellulose. 

Glucosidic links 
The glucosidic links can be hydrolysed under acidic, alkaline and oxidizing 
conditions. The acid hydrolysis is the basis of the process of 
saccharification, whereas alkaline hydrolysis requires much more complex 
conditions. The hydrolytic reaction of polysaccharides in general reduces 
the mechanical strength of wood. 

The hydroxyl groups  
The constitutive units of cellulose and hemicelluloses, except for those at 
the end of the chain, comprise a primary hydroxyl group (OH-6) for each 
anhydrous hexose and two secondary hydroxyl groups (OH-2 and OH-3) 
for each anhydrous hexose and pentose. These hydroxyl groups are 
sensitive to oxidation, and the aldehyde groups and resulting kentone 
groups can initiate other degradation reactions. Among the three hydroxyl 
groups, group OH-2 is the most acid because of the anomeric electrophilic 
influence of the centre. The acidity of group OH-2 is also influenced by 
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other factors such as the intra- and inter-chains of the hydrogen bonds. The 
reactivity of the hydroxyl groups in a heterogeneous system is also 
influenced by their accessibility. The hydroxyl group is in an area 
inaccessible to the reagent and is bound by a hydrogen bridge. For this 
reason, the semi-crystalline cellulose microfibrils are much less reactive 
than the amorphous hemicelluloses. 

3.4.3 The hydrolysis of polysaccharides  
Acidic hydrolysis or acidolysis is an important reaction of polysaccharides. 
The mechanism involved at the molecular level is well-known because the 
acidolysis forms part of the process of chemical analysis. It was confirmed 
by several studies using models and tracers (Shafizadeh, 1963; Timell, 
1964). Figure 3.31 presents the three principal stages of the reaction 
mechanism in the hydrolysis of polysaccharides. The upper reaction 
mechanism is the most probable, because it generates a tautomeric 
carbonium-oxonium ionic pair (figure 3.32), which is more stable than the 
non-cyclic cation i.e. carbonium in the lower reaction mechanism. It should 
be noted that hydrolysis can take place only in the presence of water since 
water is consumed at the end of the reaction process which is catalysed by 
the presence of acid. On the other hand, the absence of water does not 
prevent the formation of potentially reactive carbonium ions and thus a 
chemical decomposition (degradation) of polysaccharides.  
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Figure 3.31  Mechanism for the hydrolysis of polysaccharides (according 
to Fengel and Wegener 1983). (I) fast Interaction of a proton 
with the oxygen atom 1 of the glucosidal link, (II) formation 
of a conjugated acid or (II') protonation of oxygen 6 of the 
cycle, (III) slow rupture of the CO link and formation of a 
cyclic carbonium cation or (III') opening of the cycle and 
formation of a non-cyclic carbonium cation, (IV) addition of 
a water molecule on the cation carbonium, release of a 
proton and formation of a stable ring. 

 

 

Figure 3.32  Conformation semi-chair of the tautomeric carbonium-
oxonium ionic pair. 
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Factors influencing the hydrolysis 
The kinetics and the evolution of the hydrolysis reaction are influenced by 
the acidity of the medium and the state of the sample, table 3.2. The most 
frequent case is that of cellulose or polysaccharides in a solid state in a 
more or less acid solution. If the sample dissolves easily and completely in 
the acid solution, the hydrolysis is then homogeneous. More rarely, 
hydrolysis can occur where the solid or dissolved sample is in contact with 
a solid acid component, such as a resin able to exchange cautions, used for 
example in problems of selective acid hydrolysis.  

The hydrolysing medium can be characterized by the type of acid, its 
concentration, the strength of the acid (pKa), its temperature and its 
pressure. The value of the hydrolytic activity expressed by the pH and the 
coefficient of activation of the proton (Zecchina et al., 1998) (expressed by 
the Hammett acidity function4, H0) also influence the kinetics of the 
hydrolysis. In addition, the sample can be characterized by its state, its 
physical structure and accessibility in the case of heterogeneous hydrolysis, 
the conformation of its polysaccharides, the structure and the constituents 
of the rings. 

Table 3.2 Possible conditions during hydrolysis reactions 
State of the sample state of the acid Examples 
solid liquid Cellulose in the presence of a diluted acid                 
in liquid solution liquid Cellulose in the presence of a concentrated acid 
in liquid solution solid Sucrose in the presence of a resin which can exchange ions 
solid solid Cellulose in the presence of a resin which can exchange 

ions                                                                                
 
The hydrolysis of the glucosidal link follows a first order reaction with 
respect to the number of inter-monomers links. The hydrolytic kinetics also 
depend on the parameters mentioned above. The rate of heterogeneous 
hydrolysis of cellulose is for example one to two orders of magnitude less 
than the rate of homogeneous hydrolysis (Visapää, 1971, 1972). It is mainly 

                                                 

4) The Hammett acidity function (H0) makes it possible to extend the 
concepts of acidity and alkalinity to surfaces. In concentrated solution, the 
concept of pH can not be applied since the coefficient of acidity exceeds 1. 
In the gas phase, where the effects of solvation are missing, the acidity can 
be very different. If the HA link is purely ionic, the equilibrium equation 
(AH + B <—> A + BH) becomes (H+ + B <—> BH+), and H0 =  pKBH+ - 
log[BH+]/[B] is the equivalent of the pH in a concentrated solution. 
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influenced by the degree of crystallinity and the moisture content. The 
hydrolytic behavior of the glycoside link is also influenced by the 
conformation of the constitutive sugars in the polysaccharides and by the 
inductive effect of some constituents (Shafizadeh, 1963). In theory, the 
influences of the conformation of sugars and their constituents are 
superimposed.   

3.4.4 Dehydration and condensation reactions  
Although the direct products of the hydrolysis (mono and oligosaccharides) 
are relatively stable under acid conditions, they can undergo other reactions 
such as dehydration, fragmentation or condensation. These reactions 
generate products such as phenolic furans and other compounds (figures 
3.33 and 3.34). 

 

Figure 3.33  Formation of furfural, hydroxyl-methyl-furfural, levulinic 
and formic acids starting from mono-saccharides in an acid 
medium. 
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Figure 3.34  Aromatic compounds formed by sugar dehydration in an 
acid medium. 

3.4.5 Reactivity of the cellulose microfibrils 
For the reasons stated above, cellulose microfibrils are chemically highly 
resistant to hydrolysis. 

Characteristics of the cellulose microfibrils 
The chemical stability of the cellulose microfibrils is due mainly to their 
semi-crystalline nature. Hydrogen bonds present in the (020) plane of 
cellulose Iβ ensure this stability. These bonds consist of  two intra-chain 
hydrogen bonds between HO3- and O5 ' and HO6- and HO2 ' -, and one 
inter-chain hydrogen bond between HO6- and HO3- of the close chain, 
figure 3.35 (Gardner & Blackwell, 1974). The energy of this bond is two 
orders of magnitude higher than the energy of the Van der Waals bonds, 15 
kJ/mol between a water molecule and cellulose and 0.155 kJ/mol between 
liquid water molecules. The water molecules cannot therefore be adsorbed 
in this crystalline structure. Only the surface of the crystallites is accessible 
to water molecules. On the other hand, the amorphous parts of the cellulose 
microfibrils are able to adsorb water, because their structure is not regular 
and they have much fewer inter-chain hydrogen bonds. If water is able to 
enter only into the amorphous (para-crystalline) parts of the microfibrils, 
the hydrolysis can thus be highly heterogeneous, because the reaction 
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consumes water. The results obtained by Toussaint (1990) on the acid 
hydrolysis of the cellulose of poplar (Populus Tremula) show that at high 
temperature (225°C) and in the presence of sulphuric acid (1 %), the degree 
of cellulose polymerization, measured by the viscosity, decreases very 
quickly to a value of about 150 after only 60 seconds; after which the rate 
of hydrolysis is greatly reduced. This limit corresponds approximately to 
the length of the crystallites present in the microfibrils and is known as the 
LODP (Levelling-Off Degree of Polymerization). The amorphous parts are 
thus preferentially hydrolysed, at a rate two orders of magnitude higher 
than that of the crystalline parts. 

Although the hydroxyl group is the principal functional group in the "ideal" 
cellulose chain, the cellulose extracted from wood or other plants has a 
more or less significant number of other functional groups, mainly carboxyl 
groups, distributed in a random way along the chains. By an inductive 
effect, the carboxyl groups make the β-(1- 4) bonds, of which the electronic 
density is increased, more sensitive to hydrolysis. 

 

Figure 3.35  Projection of the (020) plane of the mono-clinical mesh of 
cellulose Iβ. The hydrogen bonds are indicated in red 
(Gardner & Blackwell, 1974). 
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3.4.6 Reactivity of hemicelluloses 
Hemicelluloses are more sensitive to hydrolysis than the cellulose 
microfibrils because of their amorphous structure and the diversity of the 
units composing them, which are different from the glucosidic units of 
cellulose. These differences are at the level of the chemical structure of 
their rings and the configuration of their hydroxyl groups. Due to their high 
susceptibility to hydrolysis, hemicelluloses can be selectively extracted 
from lignocellulosic substrates. As shown in table 3.3, the rate of 
homogeneous hydrolysis of polysaccharides with β-(1- 4) bonds increases 
in the order cellulose (1) < mannan (2-2.5) < xylan (3.5) < galactan (4-5). 

The heterogeneous hydrolysis of these polysaccharides reveals an even 
more marked difference in the order cellulose (1) < mannan (60) < xylan 
(60-80) < galactan (300), which shows the dominant role of accessibility in 
the acidic degradation of polysaccharides.  

The acetyl groups in the xylans of hardwood trees are, like the galacto-
glucomannans also hydrolysables, particularly at high temperatures. The 
acetic acid thus released contributes significantly to the acidity of the 
reaction medium. 
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Table 3.3  Comparison of the kinetics of hydrolysis of the methylated  
  pentopyranosides (Shafizadeh, 1963)  
Hexose/Pentose Rate of hydrolysisa Conformation of the substituentsd 

 k/k'b k/k'c subst. ax.
 subst. éq. 
α-D-Glucose 0.42 0.34 1
 2,3,4,5 
β-D-Glucose 0.80 0.60 —
 1,2,3,4,5,6 
α-D-Mannose 1.0 1.0 1,2
 3,4,5 
β-D-Mannose 2.4 — 2
 1,3,4,5 
α-D-Galactose 2.2 1.7 1,4
 2,3,5 
β-D-Galactose 3.9 2.5 4
 1,2,3,5 
α-D-Xylose 1.9 1.3 1
 2,3,4 
β-D-Xylose 3.8 2.8 —
 1,2,3,4 
α-L-Arabinose 5.5 6.7 1,2,3 4 
β-L-Arabinose 3.8 4.6 2,3
 1,4 
a Ratio de la constante de vitesse k du Glycoside et de celle de l'α-D-Mannopyranoside méthylé k' 
b Ratio basé sur l'hydrolyse avec HCl (0.5N) à 75°C 
c  Ratio basé sur l'hydrolyse avec HCl (2N) à 60°C 
d Numéros des carbones comportant des substituants axiaux ou équatoriaux 

Xylans  
The presence of uronic acid strongly reduces the rate of hydrolysis of 
xylans by an inductive effect (table 3.3). The initial rate of the relatively 
weak hydrolysis of xylans of hardwoods by water at 170°C is related to the 
uronic acid groups which they contain. The xylans in softwood which have 
a larger proportion of uronic acid groups are more stable in the sulphite 
pulping processes. 

Glucomannans 
The α-D-(1–>6)- galactosidic link of the galactoglucomannans shows a 
very low resistance to hydrolysis and can be broken selectively through 
treatment  by dilute oxalic acid (0.05M) at 100°C. This low resistance is 
due to the presence of acetyl groups on the chain. 
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3.4.7 Reactivity of lignin 

Reactivity of the bonds ether  
The carbon-carbon links is chemically very resistant. The decomposition of 
lignin is mainly restricted to the ether bonds on the level of carbons α and β 
and the hydroxyl groups (Nimz, 1965a,b; Nimz & Gaber, 1965;  Nimz, 
1966a,b;  Nimz, 1967a,b). The hydrolysable ether functions are the β -aryl, 
α-aryl and α-alkyl bonds. The β -aryl (~50 %), non-cyclic α-aryl (< 3 %) 
and cyclic α −α aryl (~10 %) bonds are also the most frequent in lignin, 
figure 3.36. Adler et al. (1968) obtain a loss of 6-9 % on lignin of spruce 
ground by a fairly acid hydrolytic reaction. This loss is due mainly to the 
hydrolysis of the α-aryl ether bonds. 
 

 

Figure 3.36   Hydrolysable bonds in lignin (according to Hon and 
Shiraishi, 1991): a) β-aryl bond or (R1 = H), non-cyclic α-
aryl bond (R1 = aryl), b) non-cyclic α-aryl bond (R1 = aryl), 
c) α-aryl cyclic bond. 

Reactivity of the hydroxyl groups 
The phenolic hydroxyl groups are very important for the physical and 
chemical properties of lignin and thus play a dominating part in the process 
of delignification. Lignin contains also two types of aliphatic hydroxyl 
groups localized at the α- and γ- positions. The hydroxyl groups on α-
carbon are very reactive and play a dominant role in the reactions of lignin. 
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Reactivity of the lignin-carbohydrate complex 
The concept of lignin-cellulose complexes or lignin-carbohydrate 
complexes (LCC) arises mainly from the difficulty encountered in 
separation of the final residues of ligning during the cooking of wood pulp. 
Three types of LCCs linkages were detected: benzyl esters, benzyl ethers 
and glucosidic links shown respectively in figures 3.37a, b and c. Among 
these LCCs, the benzyl esters and the glucosidic links are probably more 
susceptible to acid hydrolysis than benzyl ethers. On the other hand, the 
reactivity of the benzyl ether is increased in the presence of a phenolic 
hydroxyl 
group.

 

Figure 3.37  Possible lignin-carbohydrate links. a) benzyl ester, b) benzyl 
ether, c) glucosidic link (Hon & Shiraishi, 1991). 

3.4.8 Physicochemical modifications of wood components during 
THM post-processing 
Experiments have been conducted on densified wood to seek a better 
understanding of the physicochemical modification of wood components 
during THM treatment. The results are presented and are discussed below.  

Quantitative analysis of hemicelluloses by GPC 
Neutral sugars of wood such as glucose, galactose, mannose, xylose and 
arabinose can be identified and quantified by GPC (gas phase 
chromatography) of the corresponding acetates on alditols. In order to 
determine the quantities of hemicelluloses present in THM post-treated 
wood, after washing with water, three samples were prepared and analysed 
by GPC. Figure 3.38 shows their GPC spectra and table 3.4 gives the 
percentages of the different neutral sugars. The peaks were quantified 
according to an internal inositol standard. 
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Figure 3.38  GPC Spectra of three samples of spruce: a) densified, b) 
densified and post-treated at 180°C for 30 min. and c) 
densified and post-treated at 200°C for 5 min. 

Table 3.4 Percentages of neutral sugars in GPC spectra.  
Conducted treatments Man

  
Xyl Gal Ara Total 

Reference (natural) 13.6 5.6 2.8 1.2 23.2 
Densified 9.7 4.7 1.2 0.7 16.3 
Densified and post-treated (180°C, 30 min) 5.6 2.0 0.5 no-traces 8.1 
Densified and post-treated (200°C, 5 min) 5.4 2.8 0.4 no-traces 8.6 

 
The results in table 3.4 show that, 6.9% of the initial mass of the sample 
associated with hemicelluloses (Man, Xyl, Gal and Ara) was dissolved 
during the densification (140°C, 10 min) and washing with water. The mass 
loss increased strongly when the sample was subjected to a post-treatment: 
15.1 and 14.6 % at respectively 180°C for 30 min and 200°C for 5 min. 
After the densification, the quantity of water-soluble hemicelluloses was 
relatively high. This does not mean that the hydrolysis of hemicelluloses 
was extensive, because hemicelluloses are soluble even at a relatively high 
degree of polymerization. On the other hand, during the post-treatment, the 
hydrolysis was relatively extensive because one third of the hemicellulose 
material was dissolved. 
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Determine of the degree of polymerization of cellulose by capillary 
viscometry 
In order to determine the hydrolytic effect on cellulose of the post-treatment 
of the densified samples of spruce, its degree of polymerization was 
determined according to the AFNOR (NF G06-037) standard with a 
capillary viscometer of the Ubbelohde type (model SCHOTT, Typ 501 
10/I). The average degree of polymerization νDP of the cellulose is 
determined from the intrinsic viscosity measured in a solution of 
cupriethylenediamine (CED), according to the equation: 

  [ ]
K
ηDP α =ν        (3.11) 

where η is the limiting index of viscosity, calculated using the table in the 
AFNOR (NF G 06-037) standard. The relative increase in viscosity ηa can 
be calculated directly from the flow time using the equation:  

  
t
tt

η 0
a

−
=       (3.12) 

where to is the average flow time of the solvent CED and t is the average 
flow time, in seconds, of the cellulose solution. The parameters α and K are 
constants which depend to the temperature, the polymer and the solvent. In 
this experiment α =1 and K=7.5 . 10-3. According to the AFNOR standard, 
the reproducibility is of the order of ±3 %.  

The samples tested were:  

 densified spruce 

 densified spruce and post-treated at 180°C for 20 min 

 densified spruce and post-treated at 200°C for 4 min  

Two solutions of each sample were prepared and the viscosity of each 
solution was measured at least six times to assess reproducibility of the 
measurements. Results are presented in table 3.5. 
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Table 3.5 Degree of polymerization νDP  of three Spruce samples. 

Treatments: densification densification densification 
  post-treatment at180°C, 20 min post-treatment à 200°C, 4 min 

νDP  
1,533 947 837 

 

 

Under the initial densification, cellulose microfibrils undergo deformation 
and store energy, which is at the origin of the shape memory of wood. The 
hydrolysis decomposition of cellulose is thus a priori an important 
phenomenon, which is likely to dissipate stored energy. IN practice, 
microfibrils certain places are more succeptible to hydrolysis than others. 
Only the amorphous parts of the microfibrils and the surfaces of cellulose 
crystallites can be hydrolysed. The zones under constraint are also known 
to be hydrolysed more quickly. 

A comparsion of the νDP  values of cellulose before and after post-
treatment makes it possible to quantify the effect of this reaction. As shown 
in table 3.5, the νDP  value drops from 1,533 to 837 during post-treatment 
for 4 min at 200°C. At the molecular level, this means that on average each 
cellulose macromolecule was hydrolysed at only one position. The 
hydrolysis of the cellulose microfibrils is thus not extensive and should not 
be a dominant factor in the elimination of the shape memory of the 
material. It is also possible to envisage a dissipation of the compression 
energy by a rearrangement the semi-crystalline zones of the cellulose 
macromolecules and the fibrils as a result of the induced constraints. This 
rearrangement can result either in a relative increase in the proportion of 
crystalline cellulose or in an increase in the diameter of the crystallites. The 
samples were therefore studied by x-rays diffraction (DXR) in order to 
quantify the crystallinity changes resulting from the post-treatment. 

XRD determination of the degree of crystallinity of the cellulose 
microfibrils  
X-ray diffraction (XRD) makes it possible to determine both the index of 
crystallinity (CrI) of cellulose and the diameter of crystallites, see e.g. Segal 
et al. (1959) and Wellwood et al. (1975). Diffraction was carried out on 
solid wood samples because of the anisotropy of wood. The samples were 
always placed the same manner so that the incident strikes the transverse 
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plan. The index of crystallinity is given by the empirical formula of Segal et 
al. (1959):  

  
002

AM002
r I

II
IC

−
=       (3.13) 

where I002 is the maximum intensity of the diffraction peak of the (002) 
plane and IAM is the intensity associated with the amorphous phase of the 
sample. The peak of the (002) plane is located at an angle of diffraction 2θ 
of 22.8° and the intensity diffused by the amorphous phase is measured of 
an angle of diffraction 2θ of 18.0°. 

The diameter (L) of the cellulose crystallites is calculated from the width at 
half height of the (002) peak using the formula suggested by Wellwood et 
al. (1975):  

  
HcosΘ
0.9λL =        (3.14) 

where λ is the wavelength of the diffracting ray (line Kα1), H is the width at 
half height of the (002) peak and θ the angle of diffraction of the (002) 
peak, figure 3.39. 

The numerical values are: λ = 1.54060 Å and θ = 0.3979 rad. The results 
obtained are compiled in table 3.6. 

 

Figure 3.39  Typical diffractogram of cellulose showing the position of 
the peak of the diffracting (002) plane and the position of the 
intensity diffused by the amorphous phase used for the 
calculation of the index of crystallinity. 
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Table 3.6 Index of crystallinity (CrI) of the cellulose and diameter (L) of 
cellulose crystallites (Heger, 2004). 

Treatment Temperature 
(oC) 

Time  
(minutes) 

CrI Diameter, L  
(Å) 

R 

No treatment - - 0.710 25.0                    - 
Densified   20  0.778 28.7                    0.745 
Densified and post-treated 140 60 0.809 31.3 0.187 
under saturated moisture 140 120 0.804 31.3                    0.022 
conditions 140 180 0.830 32.5                    0.009 
-``- 165 30 0.818 31.9                    0.021 
-``- 165 60 0.811 32.5                    0.007 
-``- 165 90 0.844 34.5                   -0.019 
-``- 190 8 0.831 33.8                    0.017 
-``- 190 16 0.843 35.2                   -0.019 
-``- 190 24 0.853 36.7                   -0.024 
-``- 210 2 0.844 35.2                    0.007 
-``- 210 4 0.846 36.7                   -0.014 
-``- 210 8 0.868 40.1                   -0.023 
-``- 210 16 0.875 43.1                   -0.003 

 

An increase in the index of crystallinity is not neccessairly due to an 
increase in the cellulose crystallites caused by rearrangement of the semi-
crystalline parts. Indeed, the definition given by equation 3.13 shows that 
the index of crystallinity is a ratio which includes the value of the cellulose 
crystallinity in the amorphous phase of wood, i.e. the lignin, hemicelluloses 
and semi-crystalline cellulose. The increase in CrI of densified and post-
treated wood can thus be due to the reduction in the amorphous phase by 
loss of hydrolysed hemicelluloses and lignin from the sample. The increase 
in diameter (L) of the crystallites suggests that the proportion of crystalline 
cellulose really increases, but an increase in the diameter of crystallites can 
be due to arearrangement of hemicelluloses on the crystalline cellulose 
surface. Tanahashi et al. (1989) have shown by transmission microscopy 
that wood is exploded by steam the fibrils agglomerate to form fibrils of 
larger diameter than the initial one. They have reported that the diameter 
before treatment was approximately 25 Å and that it increased to about 65 
Å in white birch and Japanese larch. A rearrangement of the semi-
crystalline zones is thus not the only phenomenon which explains the 
increase in the diameter of crystallites, although this is very important at 
200°C. Our results show that the diameter increased from 28.7 to 43.1 Å 
after a post-treatment for 16 minutes at 200°C. The increase in diameter of 
the crystallites is particularly extensive when the temperature and duration 
of the post-treatment are high. The results of Tanahashi et al. (1989), in the 
case of explosion by steam, indicate that the increase in crystallite diameter 



 122

and in the cellulose crystallinity is caused by the high temperature and the 
steam pressure independently of the explosion and is carried out as follows: 

 First, the steam whose ion activity is larger at high temperature and 
high pressure reacts with polysaccharides which are hydrolysed to 
sugars which have a lower molecular weight. At the same time, the 
acetic acid formed from the acetyl groups of hemicelluloses and the 
levulinic and formic acid formed by the degradation of 
hemicelluloses catalyse the hydrolysis of polysaccharides. The 
lignin is mainly degraded by rupture of the aryl-ether bonds. 

 The wood components, partially degraded by these reactions, 
become more mobile and the internal stresses in the crystalline 
cellulose zone are dissipated. 

 Under these conditions, the crystallinity of cellulose can increase by 
the rearrangement and reorientation of the cellulose molecules in the 
semi-crystalline zones during the treatment by steam under pressure. 

 Moreover, the fibrils can fuse to form micro-fibrils of larger 
dimensions. This phenomenon is possible due to the solubility and 
mobility of the lignin as a result of the steam treatment, and this 
leaves more inter-fibril spaces. In addition, parts of the 
hemicelluloses are quickly hydrolysed, breaking their connections 
with cellulose and lignin, and the hydrolysed hemicelluloses are 
almost soluble in the water. The mobility of these components thus 
leaves the cellulose free from the other wood components and 
makes it possible for the fibrils to fuse and form larger diameter 
fibrils and microfibrils. 

In the tests carried out by Tanahashi et al. (1989) the temperature was 
higher than our post-treatment temperature. However, the significant 
increase in the crystallinity index and crystallites diameter which we 
obtained suggests that the phenomena described by Tanahashi et al. (1989) 
also occurred in our post-treatments, although to a lesser extent because of 
the lower thermal action. Two conclusions can be drawn from the results 
presented at Table 3.6: 

 The increase in the CrI and L after compression alone indicates that 
there is already a potential to dissipate the energy stored during the 
compression of the sample by rearrangement of the molecular 
structure of the cellulose microfibrils. This phenomenon would 
partially explain the fact that a sample compressed at 140°C under 
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saturated moisture conditions recovers only to 70 % and not to 100 
%. 

 The increase in CrI and L during post-treatment indicates that a 
rearrangement of the semi-crystalline parts of cellulose, as well as a 
fusion between fibrils can be responsible for the elimination of the 
shape memory of densified wood, although to only a small extent. 
In fact, there is no correlation between the reduction in shape 
recovery and the increase in the diameter of crystallites; for 
example, the recovery decreases from 0.187 to 0.009 between the 
first hour and the third hour of post-treatment at 160°C, whereas the 
value of the diameter of crystallites only increased very slightly. It 
is thus possible that the main stress relaxation of the cellulose 
microfibrils is due to a reduction in their connections with 
hemicelluloses due to hydrolysis and not to any molecular 
rearrangement of the fibrils. 

Determination of the glass transition temperature (Tg ) of lignin by 
DSC 
Lignin is a three-dimensional, cross-linked and amorphous polymer. It can 
be compared with a thermohardening polymer. Thus, its degree of cross-
linking and the glass transition temperature (Tg ) are likely to vary during 
THM post-treatment. As the Tg  of the in situ lignin of the water-saturated 
wood is located at ca. 85°C (Olsson & Salmén, 1992), thermal degradation 
is expected at a post-treatment of 140°C temperature, such as rupture of the 
α – and β -aryl-alkyl-ether links. It is in fact well known that during the 
processes of shaping, the thermohardening polymers should not remain for 
a long time at a high temperature (compared to their Tg ) because of the 
risk of degradation of the  molecular structure. The Tg of the lignin of 
several samples was measured by DSC (differential calorimetry with a 
single scan) using the point of inflection. Measurements were made on 
samples kept at a constant relative humidity of 76 % with a temperature 
increase of +20°C/min. The results are presented in figure 3.40. There is a 
peak Tg  for all the post-treatment temperatures, followed-up a strong 
reduction, which suggest that the lignin first cross-links before its thermal 
degradation starts in general an increase in the degree of cross-linking is 
accompanied by an increase by Tg  and thermal degradation (rupture of 
covalent bonds by hydrolysis) by a reduction inTg . 
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Figure 3.40 Tg of the lignin of samples densified and post-treated  in 
saturated steam as a function of the temperature and the 
time of processing. 

At a given temperature higher than the Tg peak, and relative humidity, the 
longer the post-treatment the greater is the thermal degradation. It is 
interesting to note that at 165°C, the peak of Tg occurs at roughly the same 
time when the compressed spruce has completely lost its shape memory 
(~60 min). On the other hand, if the post-treatment temperature is higher, 
the duration of the post-treatment necessary to completely eliminate the 
shape memory is such that the thermal decomposition of the lignin becomes 
important. The micrographs obtained  with confocal microscope show 
thermal degradation of the material rich in lignin (figure 3.41). Micro-
fracturing is due to two phenomena specific to the post-treatment process: 

 An abrupt decrease in the steam pressure at the end of the post-
treatment (purging of the engine) creates a laregpressure increase 
inside the sample because the steam can not leave the sample 
instantaneously. The pressure increase is important because the 
temperature and the relative humidity are high. This process is used 
to disintegrate wood and is known as The Masonite process. The 
difference in our post-treatment process is that the sample remains 
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under the mechanical pressure of the piston at the time of purging 
and the disintegration takes longer (approximately 1 to 2 minutes). 
The mechanical pressure of the piston can thus partially prevent 
intercellular debonding and micro-cracking. 

 Cooling and drying of the sample after post-treatment create a 
thermo-hydrous gradient which induces mechanical constraints 
which can cause intercellular micro-cracking. When the densified 
samples are post-treated at too high temperatures (> 180°C), the 
thermal decomposition of the lignin thus leads to a relatively 
extensive micro-cracking. This micro-cracking decreases the shape 
recovery, because this phenomenon dissipates the energy stored at 
the time of the compression, but it also greatly reduces the 
mechanical strength of wood. It is thus preferable to post-treat the 
samples at temperatures lower than 180°C. In this manner, one can 
to a certain extent limit the thermal decomposition of lignin which 
reduces intercellular cohesion. 

 

a)      b) 

Figure 3.41 a) Photo micrograph of a sample of spruce compressed and 
  post-treated at 200°C for 4 minutes. b) Enlargement of the  
  micrograph of left showing clearly the intercellular cracking 
  due to the thermal degradation of the middle lamella as well 
  as disintegration between the middle lamella and the cell  
  walls. 
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3.5 Shape memory of densified wood and fixation the 
compression-set by THM treatments 

3.5.1 Wood deformation during densification at cell wall ultra-
structure and molecular level    
During plasticization, non-crystalline components of wood: lignin, 
hemicelluloses and the zones of amorphous cellulose are above their 
respective glass transition temperature Tg. Therefore, these components can 
deform easily. Although the macromolecular movements of each non-
crystalline component of wood is possible thanks to the reduction in the 
number of connections of Van der Waals and in the hydrogen bridges, but 
the relative movements of each components in respect to the others are 
restricted. Indeed, hemicelluloses are on the one hand strongly related to 
lignin by covalent bonds (complex carbon lignin-hydrates) and on the other 
hand the cellulose microfibrils are surrounded by hemicelluloses and lignin 
constituting a macromolecular system very coherent. This limits the slip of 
the microfibrils in respect to hemicelluloses. Cohesion between the various 
components of wood is such that no separation between the middle lamella, 
the primary wall and the secondary walls not can be observed for 
temperature lower or equal to 160°C, even after total compression-set 
recovery. The molecular organization thus evolves or moves relatively little 
during the densification, if the temperature of densification were less than 
140°C and processing time were short.  

With regard to the cellulose microfibrils, all the models of macromolecular 
arrangement of cellulose proposed until to date comprise zones of semi-
crystalline and zones crystalline (Fengel and Wegener 1983).Consequently, 
the mechanism of compressive large deformation of the microfibrils during 
densification is probably as the following. The temperature of the 
amorphous areas of cellulose being higher than their Tg, those 
preferentially will become deformed during compression and play a part of 
articulation between each crystallite and the molecular configuration of the 
amorphous zones probably will be modified. Figure 3.42 presents these 
modifications. If one considers an average wood cell diameter of 25 μm, an 
average length of crystallites of 75 nm and the angle of the microfibrils of 
80° in the S1 or S3 wall, the number of crystallites which building up end to 
end a whorl will be approximately 1' 275. In that case, the average swing 
angle between each crystallite will be thus of approximately 0.3°. After 
densification, certain cells of earlywood may deform very large such that  



 127

 

 

Figure 3.42 Schematization of the deformation of cellulose microfibrils 
in the layer S1 or S3. a) before densification, b) after 
densification. 

each cell becomes as a lamella, then each microfibril will be curved with 
180° over a length of 5 μm (cell wall thickness), which represents 
approximately 67 crystallites with an angle between each crystallite of 2.7°. 
During the densification, the maximum variation of this angle is thus of 
2.4°. A weak variation of angle between each crystallite thus can produce a 
large deformation on the level of the cellular wall. As the angle of 
microfibrils is higher in the layers S1 and S36, the variation of the angle 
between crystallite is higher and thus the deformation of microfibril is more 
important there. The deformation of the amorphous zones of cellulose 
induced by the densification is possible thanks to the variation of angles Φ 
(rotation around connection C1-O1) and Ψ (rotation around connection O1-
C4') glycosidic connection β- (1-> 4), figure 3.43. 
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Figure 3.43 Schematization of the rotation of angles Φ and Ψ of the 
glycosidic connection β- (1-> 4) of the cellulose 
macromolecules of the amorphous areas in traction and 
compression (Horii et al., 1984). 

This model shows that the microfibrils undergo a relatively weak elastic 
deformation during the densifcation and probably do not induce any 
irreversible plastic deformations. This weak molecular deformation 
however induces high internal stresses within the sample7.  

The sample thus stores elastic energy during desification. The internal 
stresses cannot be released, as long as a sufficient physical like Van der 
Waals and hydrogen bounds maintain the deformation of the sample. 
Indeed, the cellulose microfibrils are surrounded by lignin and 
hemicelluloses a matrix which prevents them from taking another 
molecular configuration. The internal stresses are of course transmitted to 
all the components of wood. One should take to the consideration that when 
the densified sample is cooled at temperature lower than the Tg of wood 
constituents and it is dried, the reduction of the molecular thermal 
activation energy and the water content allows respectively the connections 
of Van der Waals and the hydrogen bounds to be reformed. The molecular 
conformation of the cellular walls and the compound middle lamella 
becomes as it is " frozen". This is known as the effect of cooling and drying 
on the densified wood. 

___________________________________________ 
6In the S2 layer, where the angle of the microfibrils is smaller than in S1 and S2, the 
number of crystallites per whorl is definitely higher (~2500 for an angle microfibrillaire of 
30°). The variation of the swing angle between each crystallite (~1.4°) during the 
densification is smaller, considering that the deformation of the microfibrils is carried out 
on a longer length.  
7The compressive stress on the sample at the end of the densification reaches to 17.5 MPa. 
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3.5.2 Origin of the shape memory or recovery of compression-set of 
densified wood 
The shape memory finds its origin in the large compression deformations of 
densified wood undergone during the densification process and under the 
specific conditions of moisture and heat mentioned above. During the 
densification process, wood in general is heated with a high temperature 
steam at 110°C or higher and under high moisture, mainly saturated 
condition to reach to softening state.  After wood plasticization, it is 
compressed on the transverse direction to undergo large compression 
elastic-visco-plastic deformation, cooled and then dried. When the sample 
is wetted and heated in absence of compressive external force, it generally 
takes its original shape depending on the temperature and water content of 
the sample. The thermo-hydrous plasticity of wood under the above-
mentioned conditions of densification is thus only apparent. This 
phenomenon is known under the name of "shape memory " or " 
compression-set recovery" of densified wood. This can be observed at the 
cellular level where the cells regain their quasi-initial shape gradually.  

The origin of the shape memory is explained at the level of wood cell 
ultrastructure and molecular levels. The assumptions formulated by 
Norimoto et al. (1993) are summarized below. 

Moisture and the temperature act in various manners on the matrix and the 
microfibrils. A rise in temperature under wet conditions softens the matrix 
(amorphous hemicelluloses and lignin) and the zones of semi-crystalline 
cellulose. Consequently, these components, pass from the glassy state in a 
quasi-rubbery state. On the other hand, the cellulose microfibrils 
(crystalline parts) remain in their glassy state because of their crystalline 
nature and are almost not affected by moisture and heat. When a 
compressive load is applied to wood in the transverse direction, this one 
almost totally is supported by the microfibrils. The softening of the matrix 
allows the relative displacement of the microfibrils so that the frame of 
microfibrils becomes deformed elastically (figure 3.42) to compensate for 
the local loads. As lignin is a polymer with slight cross-linkage, its 
deformation can be regarded as viscoelastic rather than a plastic flow. The 
elimination of the water molecules due to drying and the reduction of 
thermal activation energy due to cooling induce a reformation of the 
hydrogen bounds between the molecules of the components of the matrix. 
Moreover, with the reduction in temperature during cooling, densified 
wood returns in a glassy state, where the elastic strain of the microfibrils 
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and the matrix are frozen. Consequently, no recovery can occur as long as 
the matrix is not again softened. However, as soon as the matrix is 
humidified and heated, wood almost entirely recovers its initial form 
because of the release of the elastic energy stored in the microfibrils and 
with the entropic and elastic molecular movements within the matrix. 

3.5.3 Cells recovery of densified wood 
The cell walls of earlywood, which are deformed much importantly than 
those of the cells of latewood are the first to regain their initial shape under 
effect of humidity and temperature. Indeed, the energy stored during the 
densification is proportional to the produced deformation. It is consequently 
normal that the earlywood recovers first, then it extends to the 
summerwood. Recovery of the samples never reaches however to 100%, 
because the constitutive matter of the compound middle lamella, which was 
replaced during the densification prevents the cells from finding exactly 
their initial forms (figure 3.44). Moreover, the densification being carried 
out in the radial direction, the woody rays undergo irreversible plastic 
deformations. In the best of the cases, when the recovery is carried out 
within THM reactor at the same temperature (110°C) and the same relative 
humidity (H = 100%) of the densification, the maximum recovery was 
about 88.5%. 

  
(a) (b) 

Figure 3.44  Micrographs taken by a confocal microscopy of a spruce 
densified sample undergone a quasi-total recovery by 
distilled water under 60°C; a) cells of early wood, b) cells of 
latewood. 
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3.5.4 Elimination of shape memory of densified wood by THM 
treatment 
To obtain a stable densified wood (here stable means a densified wood 
without shape memory), the process of THM treatment involves generally 
two steps. The transversal densification of wood (first step) usually is 
followed by a second step of post-treatment for eliminating the shape 
memory effect. Fixation of large compressive-set deformation of densified 
wood has been investigated under two different conditions, by using 
saturated steam (Inoue et al. 1993, Ito et al. 1998a, Ito et al. 1998b, 
Dwianto et al. 1997, Navi and Girardet 2000, Navi and Heger 2005) and 
also by dry heating (Dwianto et al. 1997). These investigations have shown 
that increasing the heating temperature and wood moisture content reduces 
strongly the post-treatment time necessary to eliminate the shape memory. 
The work carried out by Dwianto et al. (1997) illustrated in figure 3.45 
shows that heating under vacuum at 180°C needs more than 24 hours where 
at 200°C with the same condition it needs only 6 hours to eliminate the 
shape memory.  

 

 

Figure 3.45  Set recovery of compressive deformation of densified 
samples of pines (Pinus radiata) of 5x30x20 mm3 (LxRxT) 
based on the temperature and of the duration of the heat 
treatments:  heating by air,   heating by molten metal,  
heating under vacuum, (From Dwianto et al. 1997). 
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On the other hand, Inoue et al. (1993) have shown that the use of the 
saturated steam during post treatments reduces drastically duration of heat 
treatment. Figure 3.46bshows that under saturated steam condition and at 
temperatures 180 and 200°C the shape memory was eliminated respectively 
at 8 and 2 minutes. Whereas, the figure 3.46a shows that at dried condition 
these values are increased to 20 and 5 hours respectively. The presence of 
water thus makes it possible to decrease of more than two orders of 
magnitude of the processing time. 

 

 
 (a)       (b) 

Figure 3.46 Set recovery of compressive deformation of samples of sugi 
(Cryptmeria japonica) of 20x20x30 mm3 (LxRxT) densified 
according to the temperature and of the duration of the 
treatments. a) heat treatments in a furnace, b) treatments 
with saturated vapour, (Inoue et al. 1993). 

 

Heger (2004) have studied the influence of parameters of THM treatments 
(moisture content, temperature and processing time) on the elimination of 
shape memory of densified wood using a multi-parametric THM reactor. It 
is also shown that hydrolysing of principal hemicelluloses of the soft 
woods, xylans and glucomannanes might be the main raison of the 
elimination of the shape memory.  

Following, the structure of a multi-parametric THM reactor is presented, 
the experimental results are shown and a simple model, which estimates the 
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processing time necessary to eliminate the shape memory under giving 
temperature and relative humidity, is developed.  

3.5.5 Multi-parametric THM reactor 
For densification and post-treatment of small wood elements under 
controlled temperature and relative humidity, a thermo-hydro-mechanical 
reactor was used, Navi and Heger (2005). The originality of this reactor is 
that it provides the possibility to raise the temperature up to 200°C and vary 
moisture content of the wood from dried to saturated condition. Figure 3.47 
illustrates the photos of the controlling panels, a press and the THM reactor. 
In this reactor, chamber 1 and cylinder 5 (cylindrical confinements, Fig. 
3.48c) are connected to heating circuit and both are completely watertight. 
They are heated by saturated vapour to reach a required uniform 
temperature. They heat the specimen through two related spaces 4 and 6 
(treatment chambers) by conduction. The specimen is installed inside a 
special mould then it is placed in the chamber 6 for densification and post 
treatment.  

   

Figure 3.47  Photo THM reactor together with controlling panels and a 
press; (1) and (2) show the controlling panel of press and a 
press, (3) shows the THM reactor, (4) and (5) controlling 
panels of high steam temperature during the process of 
densification and post-treatment. 
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(a)            (b)            

(c)    
 

Figure 3.48  Three photos showing THM reactor; (a) - THM reactor, (b) - 
THM reactor without piston (c) - THM reactor after 
removing the cover, Chamber 1 and cylinder 5 (cylindrical 
confinement) are connected to heating circuit and are 
completely watertight, chamber 4 is connected to chamber 6 
(treatment-chambers and mould). 
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Figure 3.49  Schematic representation of THM reactor showing in and  
  out going streams to both saturated steam chamber and  
  cylindrical confinement. 

 

A schema presenting the THM reactor is given in figure 3.49 The 
temperature of the cylindrical confinements and the treatment-chambers (or 
specimen) remains the same during the densification process and post-
treatment but the relative humidity inside the treatment-chamber is set to 
the required one. A press is used to press the specimen under a controlled 
displacement mode. 

3.5.6 Densification by THM actions 
A diagram showing the densification and post-treatment procedure is given 
in figure 3.50. It consists in two stages: densification and post-treatment. 
The densification part composed of two steps: at first the sample is heated 
under saturated condition until 160°C during 10 minutes (plasticization-
step) and then densified under controlled displacement mode. In this 
example a cylindrical spruce specimen with 40 mm in diameter and 
maximum 150 mm height in diameter was densified. The maximum load 
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level was about 22kN. The compression set was 66%. The compression set 
value C was measured by: 

 

(%)   100 x 
R

R - R
 = C

0

c0      (4.114) 

Where R0  and Rc  are the length of the sample before and after 
densification respectively. 

Post-treatment by THM actions 
After densification, the sample was continued to post-treating under 
different temperature and different relative humidity ( or wood moisture 
content). In this example showing in figure 3.50 the temperature was 160°C 
and the relative humidity was saturated condition. After densification the 
piston was stopped and maintained in the same position during the whole 
duration of post-treatment. At the end of the post-treatment the reactor was 
purged by letting the steam go out of the cylindrical confinement, the 
sample immediately cooled below 60°C and removed from the reactor. 

 

Figure 3.50  Diagram of the THM densification and post-treatment 
procedure, external loading and steam pressure variations, 
the pressure is given for saturated steam. 
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Set recovery test 
To examine the effect of THM post-treatment on fixation of compressed set 
of a densified wood a set-recovery test was conducted on each specimen. 
This test consists of soaking-drying cycles of samples in 60°C water and in 
an oven at 30°C. The set-recovery R is defined as:  

(%)      100 x 
R- R
R - R

 = R
c0

cc′      (3.15)  

where, ′ R c  is the length of the densified sample after set recovery test. R 
can vary between zero and 100 depending to the recovery of compression-
set. When R is zero, it indicates that there is no shape memory or the 
compression-set is fixed completely and when R is 100, it means that 
recovery set is total. When the specimen is not totally fixed the value R will 
correspond to between zero and 100. Figure 3.51 present the set-recovery 
test results of densified spruce, post-treated under saturated steam at 160 
and 180°C respectively for different processing times.  When the set 
recovery  (R) of a sample remains about zero after several soaking-drying 
cycles that indicates the permanent fixation of compression-set or total 
elimination of shape memory effect. For example, the above figures  show 
that the compression-set of a small densified spruce element can be fixed 
completely by THM treatments using saturated steam of temperature 160 
and 180°C during processing time of 60 and 20 minutes respectively.  
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Figure 3.51  Compression-set recovery curves of densified spruce 
samples, post-treated under saturated steam and different 
processing times and temperatures; (upper) at 160°C, 
(lower) at 180°C. 

 



 139

 

3.5.7 Experimental results of compression-set recovery of densified 
wood treated by THM actions under saturated and unsaturated 
steam conditions  
The value of (R) was measured by Heger (2004) for small densified 
specimens, post-treated at different temperatures, under saturated and 
unsaturated RH and for different processing times. Table 3.7 presents the 
values of (R) which obtained through relation 3.2 from THM tests under 
different post-treatment parameters; temperature, RH and processing time. 
It is assumed that time for complete fixation of compression-set, at different 
temperature and RH, is achieved when R is about 2%.  
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Table 3.7 Experimental results: time in red represents the minimum post-
treatment time necessary to eliminate totally the shape memory (this time 
obtained when R is about 2%). The uncertainty on the evaluation of R, set 
recovery, is about ±1%. 
RH/T 140°C    R % 160°C  R% 180°C  R% 200°C  R% 

30 min 32.8 15 min 16.3 5 min 14.4 1 min 9.6 
60 min 19.7 30 min 6.1 10 min 2.7 2 min 12.0 
90 min 12.7 45 min 4.4 15 min 2.8 3 min 3.5 
120 min 5.6 60 min 1.3 20 min 1.3 4 min 1.5 
150 min 3.5 75 min 0.3 25 min 1.3 5 min 1.6 

100% 

210 min 4.0   30 min 0.9 6 min 1.3 
600 min 4.6 80 min 8.1 25 min 18.1 5 min 8.2 
1200 min 2.0 100 min 2.3 35 min 9.1 9 min 1.8 
  120 min 2.6 40 min 1.9 13 min  1.1 
  140 min 2.5 45 min 2.7 17 min 0.5 

80% 

    50 min 1.9 20 min 0.6 
1200 min 5.7 330 min 2.3 80 min 5.7 10 min 2.1 
2000 min 6.6 420 min 2.7 90 min 4.0 25 min 0.1 
  600 min 2.3 100 min 3.7 40 min 0.5 
    120 min 2.7 55 min 1.1 

60% 

    140 min 1.2 65 min 0.1 
1200 min 16.9 600 min 3.1 150 min 8.2 65 min 1.8 
2400 min 7.1 720 min 3.6 240 min 2.1 80 min 1.6 
3600 min 6.4   270 min 3.0 95 min 1.4 
    300 min 1.5 110 min 1.4 

40% 

    330 min 2.0 120 min 1.8 
192 h 21.4 96 h 10.7 24 h 17.5 
  144 h 7.0 48 h 5.5 0 
  192 h 5.7 72 h 5.0 

The sample has 
burnt out 
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Table 3.7 is re-written for only complete fixation (red colours) in the table 
3.8. 

Table 3.8. Post-treatment processing time (in minute) for complete fixation 
of compression-set (0.<R<2) at different temperature (t) and relative 
humidity (RT). 
Relative Humidity              0.                       40%                    60%            80%          100% 
140°C                        not achieved*         6000 mn.        not achieved     1200 mn      210 mn 
160°C                       24250 mn            not achieved      not achieved    120 mn          60 mn 
180°C                        5680 mn                    330 mn            140 mn          50 mn          20 mn 
200°C                        not achieved                  80                25 mn            13 mn            4 mn 

 

* For different reasons a complete fixation of compression-set (R = 0) at 
some temperature and RH did not achieve. These reasons were; 1- when the 
specimens at 200°C with low moisture contents were kept for a long time 
(more than 50 minutes) in the reactor, they started to burning. 2- when the 
specimens were treated at low temperatures with low relative humidity  the 
complete fixation was very difficult to achieve. This was probably due the 
fact that, these conditions were lower than the temperature of glass 
transition of lignin. 

3.5.8 Role of hemicelluloses hydrolysis on fixation of compression-
set 
The experimental observations have shown that the time of post-treatment 
necessary to eliminate the shape memory for any temperature increases 
nonlinearly with decreasing of the relative humidity.  To understand the 
mechanisms responsible to elimination of shape memory, some chemical 
and physical analysis on densified wood before and after post-treatment 
were carried out. Besides, the influence of THM processing parameters was 
examined on set-recovery value through development of a model. Prior to 
reporting the result obtained by analysis, the variation of the post treatment 
times given in table 2 in terms of temperature (time in log scale) for each 
relative humidity was plotted.  Figure 3.52 shows that for each relative 
humidity the logarithm of time varies linearly with respect to temperature 
and all these lines are parallel and regularly distributed every 20% of RH. 
This suggest existing a mathematical relation between the temperature, the 
relative humidity and time of post-treatment necessary to eliminate shape 
memory or relax the strain energy accumulated during densification. Figure 
3.53 demonstrates the same curves given in figure 3.52, plotted the 
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logarithm of post-treatment time in terms of 1/(RT).  Where R = 8.317 the 
constant of ideal gas and T the temperature on absolute value.  

 
 

Figure 3.52  Graph presenting minimum value of post-treatment time 
(time in log scale) in terms of temperature to achieve 
complete fixation of compression-set under different RH. 

 

Figure 3.53  Graphs presenting the value of post-treatments time (time in 
log scale  in terms of 1/(RT).   
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This presentation permits to calculate the activation energy (EA) of the 
processes responsible to elimination of shape memory or elimination the 
internal strain energy corresponding to each relative humidity through the 
following equation. 

RT/ EAe α = h)t(T,          (3.16) 

Where α is a parameter depending to relative humidity, but also to pH of 
the solution during the post-treatment, and EA is a parameter giving the 
activation energy of the processes. The value of α graphically is the 
intercept point of the straight line with the time axe and EA is the slope of 
the straight line. From the figure 3.53, the values measured for EA are given 
in table 4.12. 

Table 4.12. Values of the activation energy measured from the curves in 
figure 3.53 en kJ/mol.  

RH   100%   80%  60%     40%   0%   Average 
Values o f  EA (kJ/mol)       98.5     116.6   118.8   111.5   118.4   112.8 

 

The values measured for activation energy are about to be constant around 
98.5−112.8 kJ/ mol., independent from the relative humidity. That means 
that the mechanisms responsible for the elimination of the shape memory 
are identical whatever the temperature or the relative humidity during the 
post-treatment is.  

We can observe that the measured activation energy values are very close 
to the value given by Springer (1966) for the xylan hydrolysis (EA =  118 
kJ/mol.). The relatively small value measured for 100% RH might be due to 
the fact that the initiation of hydrolysis is facilitated with saturated water 
steam.  

Norimoto et al. (1993), have considered three mechanisms as essential in 
preventing the compressive-set recovery: 

a) Formation of cross –linkages between molecules of the matrix. 

b) Relaxation of the stresses stored in the microfibrils and the matrix 
during densification. 

c) Formation of polymers from hydrophilic materials inside the cell 
wall especially to avoid the softening of hemicelluloses by moisture.  
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The results obtained in this section shows that hydrolysis of hemicelluloses 
during THM post treatments play an important role on the phenomenon of 
the elimination of shape memory through the dissipation of the stresses 
stored in the microfibrils and the matrix. Yet, it should be noted that to 
achieve a total elimination of shape memory it is necessary that lignin to be 
in his rubber state during THM treatment. 
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4 
Wood Bending 

4.1 Introduction 
It is common knowledge that a very thin strip of wood can be easily bent 
with the hands to quite sharp curvature. Such bending is done without 
treating the wood. In bending thick pieces of solid wood, softening with 
stem or hot water or plasticizing with chemicals is essential. 

The ultimate success of any bending operation is dependent primarily upon 
six major factors: 

1. Selection of wood species best suited for bending. 

2. Proper seasoning of bending stock. 

3. Proper machining of bending stock. 

4. Proper softening, or conditioning to make plastic, of bending stock to 
render it sufficiently pliable for bending without breakage. 

5. Bending with proper devices, equipment and technique to control fiber 
movements of wood during bending process. 

6. Proper drying and setting bends to a moisture content and permanence 
so they will not change shape while bentwood is being machined 
before being permanently fastened into place. 

In this chapter you will get an introduction to bending solid wood. 

4.2 Solid wood bending 

4.2.1 The theory of plastic forming 
The theory of plastic forming is relatively complicated, for the following 
reasons: 

1. Wood is a visco-elastic material with no distinct yield point. If one 
refers to a "yield point" for wood, it is in any case very strongly 
dependent on the rate of deformation. 
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2. The "yield points" in tension and in compression are numerically very 
different, as shown in figure 4.1, and the difference increases with 
increasing moisture content as well as with increasing temperature. 

3. The strain to failure is much greater in compression than in tension. 

 

Figure 4.1 A stress-strain (σ-ε) diagram for air-dry non-plasticized  
 beech and plasticized beech. Note that the strain axis has  
 different scales to the right and to the left of the origin  
 (Prodehl, 1931). 

Let us consider what happens with respect to the deformation and stress if a 
bending moment is applied to a wooden beam, as illustrated in figure 4.2. 
As long as the tensile and compressive stresses in the bent beam lie below 
the yield point, the neutral plane lies in the middle of the beam. If the 
bending increases, however, the yield point will soon be exceeded on the 
compressed side and the neutral plane (or elastic line) will be displaced 
towards the side under tension. A stress-bending situation has then been 
reached as shown in figure 4.2a, which shows that the wood begins to flow 
fairly rapidly whilst the stress increases on the side under tension. Since the 
strain to failure is greater on the compressed side than on the side under 
tension, the material breaks on the latter side long before the material 
plasticity has been fully utilised on the compressed side, cf. figure 4.1. 
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Figure 4.2 Deformation and stresses in the bending of a beam of oak.  
  a) Non-plasticized wood, b) plasticized wood and c)  
  plasticized wood under an axial pre-stress (Fessel, 1951). 

To be able better to utilise the plasticity of the material, the neutral plane 
must be displaced further towards the side tension. This can in principle be 
achieved in three different ways. 

1. By changing the cross section of the beam so that a larger amount of 
material is on the side under tension. With respect to bent wood, this 
solution is mainly of academic interest. 

2. By plasticization of the wood, particularly on the compressed side, 
which is achieved by treating the wood in e.g. steam. (Various 
plasticization methods are described later.) When wood is plasticized 
in this way, the strain-to-failure in compression increases drastically 
but the increase in the tensile strain-to-failure is very moderate, cf. 
figure 4.1. In the bending of a plasticized wood beam, the stress-strain 
diagram is in principle as shown in figure 4.2b. 
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3. By subjecting the wood to an axial pre-stress.  Both theoretically and 
in practice, it has been shown that even when the wood is plasticized, 
breakage occurs on the side under tension before the plasticity of the 
material on the compressed side has been fully utilised, but this can be 
counteracted by an axial pre-stress. This can be achieved by placing a 
flexible band of metal along the wood piece on the convex side under 
tension and anchoring the wood with the band at the ends, see figure 
4.3. By varying the degree of pre-stressing, the neutral plane can in 
theory be placed in any desired position.  

The stress-strain diagram for an axially pre-stressed wooden beam is in 
principle that shown in figure 4.2c. In this case, the strain can be fully 
utilised both in the side under tension and in the compressed side. 

One of the most important parameters in wood bending is the smallest 
radius to which the piece of wood can be bent. This limiting radius is 
reached when the wood is pre-stressed to such an extent that the strain-to-
failure is reached simultaneously both on the side under tension and on the 
compressed side. 

When a portion of a piece of wood is bent to the smallest radius, as in 
Figure 3, the length of the side under tension is L (1 + ε+) and the length of 
the side under compression is L (1 + ε-), where L is the original length of 
the wood piece between A and B, ε+ is the tensile strain-at-failure, and ε- is 
the compressive strain-at-failure.  Note that ε- has a negative value.  

 

Figure 4.3 Sketch of wood bent around a circular drum. 
 L is the original length of the wood piece between A and B,  
 a is the thickness of wood piece and R is the radius of the  
 drum (inner radius). 
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It is evident in figure 4.3 that: 
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where a is the thickness of the wood, and R is the internal radius of 
curvature. 

This relationship thus applies for a pre-stressed beam when the plasticity of 
the material is fully utilised both on the side under tension and on the 
compressed side, by displacing the neutral axis towards the side under 
tension.  It is also evident that for a given species the limiting radius of 
curvature is directly proportional to the thickness of the board. 

In the bending of a non-pre-stressed beam, the tensile strain-to-failure ε+ is 
the limiting factor. If, in this case, it is assumed that ε+ ≈ ε- and ε- is 
considered negligible in the denominator in equation 4.1, the following 
approximate relationship is obtained for the bending of a non-pre-stressed 
wooden beam: 

 += ε2
R
a       (4.2) 

If the values for ε+ and ε- for beech (taken from figure 4.1) are inserted into 
equation [1], we obtain: 
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This means that, for a 25 mm thick board of beech, the smallest bending 
radius is 43 mm. This value can be compared with the practically smallest 
bending radii measured by Stevens and Turner (1970) of between 38 and 43 
mm depending on the source of the wood, see Table 4.1. Insertion of the 
values for the tensile strain-at-failure for plasticized wood leads to the 
following relationship: 
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0.0232
R
a

×=
 

which gives a smallest bending radius of 543 mm for a 25 mm thick board.  

For non-plasticized beech, the corresponding value is obtained by inserting 
the tensile strain-at-failure for unplasticized wood in the equation, which 
leads to: 

 0.0122
R
a

×=  

and this gives a smallest bending radius of 1042 mm for a 25 mm thick 
board.  

In the bending of plasticized beech without any pre-stress, Stevens and 
Turner measured a smallest bending radius of between 330 and 370 mm, 
see table 4.1. This theoretical analysis is of course a simplification of 
reality. Amongst other things, the model presupposes that the cross-section 
of the wood piece remains unchanged during bending, which is not the 
case. Nevertheless, the equations give some guidance about the properties 
of different species of wood in bending. It should, however, be pointed out 
that in many practical applications, it can be just as easy to find measured 
values of the smallest bending radius for plasticized wood as it is to find 
values for ε+ and ε-.  

If both the moment and the pre-stress on the wood shown in figure 4.3 are 
released immediately after the bending, the wood piece springs back 
strongly. Viscous deformation and even breakage can occur due to the 
spring back. To be able to retain the bent shape which the wood piece has 
been given, it must be allowed to stay in the clamped position for a period, 
while the plasticization ceases and the material is dried and conditioned. 

Throughout this process, a certain relaxation of course takes place in the 
material and the stresses are reduced. The neutral plane of bending is 
displaced once more towards the middle, and the spring back should then 
be small. In addition, strongly compressed wood has been created primarily 
on the concave side of the bend. Compressed wood has a greater density 
and greater movement, i.e. shrinkage and swelling, when the moisture 
content changes. This also applies to axial shrinkage. When the wood is 
dried, the shrinkage on its concave side strives to further increase the 
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bending. This means that if the bending radius is small in relation to the 
board thickness, there is no spring back when the board is taken out of the 
mould. Instead there are sometimes problems because the radius wishes to 
decrease further. Support for this theory is provided by the fact that the 
bend after withdrawal from the mould strives to bend more on drying but to 
straighten out when moistened.  

There are however large variations from board to board, although there 
seem to be no great internal stresses remaining in the wood after the 
bending. In practice, material can be cut away fairly freely without the 
bending radius changing to any great extent. Another important observation 
is that the compression of the wood in the bend leads to a greater impact 
strength, although the tensile strength and bending strength are lower than 
in the original wood. This is illustrated by figure 4.4 which shows how the 
bending process changes the mechanical properties of a sample of beech. 

 

 

Figure 4.4 The mechanical properties of bent beech from the convex to 
 the concave side in relation to the properties of the unbent  
 material (Teichgräber, 1953). 
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4.2.2 Choice of wood species 
It is clear that the risk that wood will break during bending is strongly 
dependent on the ability of the wood to support a change in shape. i.e. its 
plasticity. The choice of wood species and the pre-treatment of the boards 
are therefore extremely important.  

In general, hardwood is more suitable for plastic shaping than softwood. 
Moreover, ring-porous hardwood types are in general better than diffuse-
porous ones. The most important reason why softwood has poorer bending 
properties than hardwood is probably the great difference in mechanical 
properties between earlywood and latewood in softwood. Hardwood with a 
high density often has better bending properties than hardwood with a low 
density.  

After the wood species has been selected, the next question is whether the 
growth conditions of the trees influence the bending properties and also 
from where in the tree stem the boards should be taken. Among the experts, 
there are many, often differing, opinions about the influence of factors such 
as the age of the tree, the annual ring width, the soil character etc. Stevens 
and Turner indicate that these factors certainly have an influence, but tests 
have shown that they are of secondary importance. Most important is to 
have straight-grained wood, free from defects. Knots should not of course 
be present in wood material to be bent, although small knots can be 
tolerated to some extent on the compressed side, unless the bending radius 
is extremely small. Knots on the side under tension have a disastrous effect 
on the strength. 

Table 1 shows some of the wood species investigated by Stevens and 
Turner (1970). The smallest bending radius is defined as the radius at which 
breakage occurs in not more than 5 % of all the wood samples tested. 

In the choice of wood species, consideration must be given not only to the 
bending properties, but also to factors such as the appearance, the strength 
properties after moulding and the supply of the species in question. 

In practice, a few species of wood dominate and beech is the most common, 
followed by oak and birch. For special purposes, e.g. sports equipment, ash 
and elm are used. 

The selection of the planks or boards is a critical feature of the whole 
production chain. In the case of products for which the material is to be 
bent to a small radius, straight tree stems with a circular cross section must  
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Table 4.1 The smallest bending radius for different species of wood in 
the bending of a 25.4 mm thick board with and without 
restraining bands. The bending has been carried out with 
fully plasticized wood. The smallest bending radius is the 
radius at which breakage occurs in not more than 5 % of the 
wood samples (Stevens & Turner, 1970) 

Species 

 

Latin name 

 

Smallest bending radius 

Restrained          Unrestrained 

       (mm)                 ( mm) 

Elm (Dutch) Ulmus hollandica 13 240 

Elm (English) Ulmus procera 38 340 

Ash Fraximus excelsior 64 300 

Birch (Canadian 
yellow 
birch) 

Betula alleghaniensis 76 

 

430 

 

Beech (English) Fagus sylvatica 38 330 

Beech (Danish) Fagus sylvatica 43 370 

Douglas fir 

 

Pseudotsuga menziesii 460 

 

840 

 

Oak (European) Quercus robur 51 330 

Pine (Corsican) Pinus nigra 860 740 

Spruce Picea abies 940 740 

Hickory Carya sp. 46 380 

Iroko Chlorophora excelsa 380 460 

Larch Larix decidua 330 460 

Poplar Populus sp. 810   660     

Teak Tectona grandis 460 890 

Walnut (African) Lovoa trichilioides 460 810 

 

be chosen. A non-circular cross section indicates the presence of tension 
wood which cannot be used. Spiral grained trees and tree stems which taper 
strongly give wood which is unsuitable. 

Within any particular tree stem, straight-grained parts with a long fibre 
length should be chosen. The juvenile wood closest to the pith is directly 
unsuitable. The best pieces are obtained at the external regions of the butt 
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log, with the exception of the lowermost part which contains root swelling. 
Wood which exhibits decay or blue stain is completely useless.  

4.3 Pre-treatment of the wood 

4.3.1 The moisture content of the wood  
It is often easy to bend a completely moist piece of wood. Less force is 
necessary than when dry wood is bent. There are, however, four reasons 
why wood which lie above the fibre saturation point is not used for 
bending. 

1. There is a risk that the wood may burst due to the hydraulic liquid 
 pressure in liquid-filled lumens. 

2. It is difficult to store moist wood (risk of fungus attack etc). 

3. It is difficult to process very moist wood with a good result. 

4. Drying after the bending takes an unnecessarily long time. 

As a compromise, wood with a moisture content of 20−25 % is usually 
used. 

4.3.2 Processing of the wood 
It is desirable to finish the wood pieces as much as possible before the 
bending operation. Among the reasons for this can be mentioned: 

1. Unevenness’s in the surfaces give rise to stress concentrations which 
can lead to fracture. 

2. It is easier to bend thin samples. 

3. It is cheaper to process a straight sample than a bent one. 

In those cases where the final product is to have an asymmetric cross 
section or where the cross section is to vary strongly along the product, 
additional processing must however be carried out after the bending. 

4.3.3 Plasticization 
Plasticization or softening of the wood is, as has been indicated, an 
extremely important part of the process. What actually happens in the wood 
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during the plasticization has been explained more and more in the last 
years. In brief, the following happens: 

The various amorphous components of the wood (e.g. lignin, 
hemicelluloses and parts of the cellulose) each have their own glass 
transition temperature. Above the glass transition, the elasticity modulus of 
the material is much lower. In the presence of a plasticizer, the transition 
temperature is reduced. In the case of wood, water is the most common 
plasticizer. The softening temperature or glass transition temperature is 
230°C for cellulose, 205°C for lignin and ca. 170°C for hemicelluloses. At 
a moisture content of 20−25 %, the softening occurs at a temperature much 
lower than 100°C. 

In practice, the plasticization is generally achieved with saturated steam at a 
temperature close to 100°C. Heating of the wood to a temperature close to 
100°C with a moisture content of 25 % is sufficient, but steam is used to 
avoid desiccation. The time must be sufficient to completely heat the 
material. A good rule-off-thumb is to allow 2 minutes per mm thickness of 
the board. Prolonged steaming has not been shown to lead to any 
improvement, not does a higher steam pressure give a better result. This is 
known in practice and it also agrees with the theory. 

In some cases, other heating methods are used. Heating over an open fire 
and in hot, wet sand has been applied. Heating in boiling water has also 
been used. In the latter case, a special problem arises with extractive 
substances which dissolve in the water and which can subsequently 
discolour the wood etc. 

High-frequency and microwave heating technologies have also been tested. 
The literature indicates that there have been problems with uneven heating 
but with today's knowledge of microwave heating it should be fully 
possible to achieve a uniform heating.  

Plasticization with various chemicals has been investigated in many places. 
The most promising so far is plasticization with ammonia, which gives a 
very rapid and effective plasticization. In addition to being a softener, the 
ammonia also breaks down a part of the  crystalline structure and the 
method can probably become important in the future for highly qualified 
objects. It may be particularly applicable for wood species which are 
difficult to treat in steam and are thus unsuitable for use with present-day 
technology. 
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4.3.4 Pre-compressed wood 
If compressed wood is studied in a microscope, it can be seen that many 
cells have buckled out so that the wood looks more or less like a half-open 
accordion. This is utilised in many applications to make the wood more 
bendable. The procedure is as follows: 

1. The steamed wood is longitudinally compressed by ca. 20 %. 

2. The pressure is then released, after which the wood has a residual 
deformation of 4−5 %. 

3. The wood is allowed to cool to room temperature and dry to a moisture 
content of 12 %. 

4. The wood piece can then be polished and processed to the desired 
cross-sectional shape and surface-finished as a straight piece of 
material.  

The wood piece can now be bent in a cold state. The smallest bending 
radius for 25 mm beech is ca 230 mm, which may be compared with the 
value of 330 mm for plasticized beech without a restraining band, cf. table 
4.1. 

In Denmark, a machine has been developed for the pre-compression of 
wood, the advantage of which is that whole-wood bending can be used in a 
simple manner also for small lot sizes without large investment costs in 
steaming equipment and jigs. 

The bendability of the wood can be further increased if, after having been 
pre-compressed and dried until item 3 in the above list, the material is 
subjected to a further compression of 20 % in the cold state. After the 
pressure has been released, there is a residual deformation of ca.15 %. A 
piece of beech which has been processed in this way can be bent in the cold 
state to a bending radius of as little as 100 mm. 

4.4 Shaping 
The actual shaping of the steamed materials can be carried out in many 
different ways. If the dimensions are small and the number of test pieces is 
small, the shaping can be carried out with simple hand tools. However, in 
the case of thicker wood dimensions and long series, machines are used as a 
help. 
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Regardless of whether the bending is achieved by hand or with the help of a 
machine, the principles are the same. One should however always bear in 
mind that, since the wood is still visco-elastic after steaming, the risk of 
fracture increases strongly with increasing rate of bending. It is therefore 
important to maintain a slow rate of bending also in the case of machine 
bending.  

It can generally be said that the machines and equipment for bending are 
technically relatively simple. Even though the machines are often specially 
designed for the product which is to be produced, the following basic types 
can be mentioned. 

1. Shaping between male and female moulds, as shown in figure 4.5. 

2. Shaping over a convex mould without a restraining band, as shown in 
figure 4.6. 

3. Shaping over a rotating drum. In this case, a cylinder presses the wood, 
which has been pre-stressed with a steel restraining band, against the 
shaping drum as shown in figure 4.7. The thickness of the restraining 
band must be adapted to the dimensions of the wood. Normally, a 
metal band with a thickness of about 0.8 mm is used. 

4. Figure 4.8 shows bending in two planes and figure 4.9 shows bending 
in the same plane, but in different directions. In both cases, two 
restraining bands with adjustable end stops are used.  More than one 
restraining band at a time is never used. When the bending has been 
completed, the wood is fixed against the mould and the restraining 
band on the side under tension is loosened. Thereafter, the restraining 
band which is to lie on the side under tension in the next bending 
operation is fastened and adjusted. 
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Figure 4.5 Shaping between a male and female mould (Stevens &  
 Turner, 1970). 

   

Figure 4.6 Shaping over a convex mould without any restraining band  
 (Stevens & Turner, 1970). 

 

Figure 4.7 Bending of pre-stressed wood over a rotating bending drum 
 (Stevens & Turner, 1970). 
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Figure 4.8  Bending in two planes with two restraining bands (Stevens  
 & Turner, 1970). 
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Figure 9. Bending of wood to a sinusoidal shape (Stevens & Turner 
1970). 

4.5 Finishing 
After the shaping, the deformations achieved must be "frozen" before the 
wood piece is released.  This is done through the final drying of the 
material, clamped in its mould or in some other fixture, to a moisture 
content of 7−12 %. The drying takes 1−14 days depending on the species of 
wood, drying temperature, the dimensions of the wood and how well the 
mould encloses the wood pieces and thereby hinders the drying process. 
The drying times can be reduced considerably through the use of high-
frequency heating or microwave heating. However, one must not dry too 
intensely, since there is a risk that the steam formed will rupture the cells. 

After the drying, which takes place at 65−70°C if a restraining band is used, 
the wood must be left to cool and condition for a few weeks while the 
bending radius is still under control, often with a clamp or the like. The 
drying must be carried out carefully to avoid drying-cracks and other 
damage. After the conditioning, the finishing process is undertaken. This 
consists of cutting to the desired shape, repairing, polishing, assembly and 
surface treatment. 
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