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A BSTRACT

For many decades, humans have been consuming more resources than the
world has to offer in the long run. Increasing the use of renewable
materials, such as wood, is essential if we are to achieve a sustainable use of
the resources available to us. Densification of wood in general, and surface
densification in particular, has the potential to improve the properties of
widely available low-density wood species, opening up new fields of
application, and fostering the use of wood products in general.
The objective of this thesis is to put past research within the field of surface
densification of solid wood and advancements within the present project
into a context, and to suggest a path towards a performance-driven and
cost-effective type of product. A prevalent research gap has been identified
and this thesis summarizes how this gap can be filled by already conducted
and future studies. Important aspects that need be handled in order to fulfill
the overall vision of the large-scale commercialization of surface-densified
wood products are considered.
Past studies were successful in gaining a good understanding of different
approaches to the densification of solid wood, such as using a hot press or a
friction welding machine. Problems, such as the moisture-induced recovery
of the densified wood cells could be solved from a technological
perspective. However, those studies did not take into account industrial
implementation. Existing methods are time- and/or energy-consuming. The
use of roller-pressing equipment showed promising results, but also
highlighted certain limitations. Solid wooden boards have been successfully
surface-densified at speeds of up to 80 m/min. However, problems arose
regarding the plasticization and stabilization of the densified wood cells,
indicating that a continuous belt-press approach might be more viable with
regard to the objective of industrial implementation.
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In parallel, a structured method to identify the most suitable wood species
for surface densification has been presented, with the aim of propagating
the use of surface-densified wood products and widening their fields of
application. This method has confirmed the suitability of previously used
wood species, and has also suggested alternatives not considered thus far.
Previous studies into the surface densification of wood have provided a
rather sound understanding of the densification process and have provided
a useful foundation for the current project. The work done, thus far, has
shown the viability of a continuous densification process and has indicated
a sensible path towards the widespread establishment of surface-densified
wood products on the market.
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S AMMANFATTNING

Sedan flera decennier tillbaka har mänskligheten förbrukat mer av jordens
resurser, än vad den kan tillhandahålla i ett långt perspektiv. Att öka
användningen av förnybara material från växtriket på bekostnad av
användningen av material baserade på ändliga resurser, är ett måste för att
nå en hållbar användning av tillgängliga resurser. Ökad och en ur
miljöhänseende mer effektiv användning av trä kan bidra till denna
omställning mot en biobaserad ekonomi. Hårdgörning av trä och då särskilt
ythårdgörning har potentialen att förbättra egenskaperna hos träslag med låg
densitet, och därmed öppna för nya användningsområden vilket också kan
främja användningen av träprodukter i stort.
Syftet med detta licentiatarbete har varit att sätta tidigare genomförd
forskning inom området ”ythårdgörning av trä” i ett sammanhang, men
också att föreslå en framkomlig väg att åstadkomma egenskapsdrivna och
kostnadseffektiva produkter baserade på ythårdgörning. Utifrån de resultat
som framkommit vid tidigare genomförd forskning har några tydliga
forskningsfrågor identifierats och förslag ges på hur dessa ska kunna
besvaras inom det nu pågående doktorandarbetet. Utöver detta tar
avhandlingen upp viktiga aspekter som fortsättningsvis behöver behandlas
för att uppnå den övergripande visionen om en storskalig kommersialisering
av produkter baserade på ythårdgörningskonceptet.
Tidigare studier har varit framgångsrika med att skapa en god förståelse för
hur olika metoder för hårdgörning fungerar. Däribland ges förslag på hur
den svårbemästrade återsvällningen vid uppfuktning av de komprimerade
träfibrerna kan lösas rent tekniskt. Studierna har dock i allmänhet inte tagit
hänsyn till en eventuell industriell implementering av de olika
ythårdgörningsmetoderna, då teknikerna i förslagen har visat sig vara
tidskrävande och i många fall också energikrävande. Det nu pågående
doktorandprojektet har tills nu undersökt potentialen med en kontinuerlig
hårdgörningsprocess baserad på valsningsteknik. Detta tillvägagångssätt har
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påvisat lovande resultat, men också belyst vissa begränsningar. Träprover
ythårdgjordes framgångsrikt i hastigheter upp till 80 m/min, men såväl
plasticeringen före komprimeringen som låsningen av de komprimerade
träfibrerna är ännu inte löst. Försöken indikerar också att ett förfarande
med bandpressningsteknik istället kan vara en mer framkomlig väg mot en
industriell process.
Parallellt med processtudierna har en metod tagits fram för att identifiera de
mest lämpliga träslagen att hårdgöra, med målet att öka användningen av
hårdgjorda produkter och bredda olika träslags användningsområden.
Metoden bekräftar att de träslag som hittills har använts vid olika
ythårdgörningsförsök är lämpliga, men dessutom föreslås ytterligare träslag
som med fördel kan användas för ythårdgörning.
Avhandlingen har visat att tidigare studier inom ythårdgörning av trä har
åstadkommit en förhållandevis god förståelse för hårdgörningsprocessen,
vilket är en mycket användbar grund för fortsatt forskning inom området,
och speciellt för fortsättningen av det nu pågående doktorandarbetet.
Resultaten visar att en kontinuerlig hårdgörningsprocess sannolikt är en
framkomlig väg för att åstadkomma en industriellt fungerande process som
på sikt kan leda till en utbredd etablering av ythårdgjorda produkter på den
globala marknaden.
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1 INTRODUCTION

Approximately 50 years ago, humans started to use more resources than the
world can offer in the long run. This trend is continuing and will probably
do so in the foreseeable future. However, a growing proportion of the
human population has started to realize that our current way of life is not
sustainable. Things have to change. We, as humans, need to use the
resources available to us more efficiently. One way to achieve that goal is to
shift from the use of non-renewable to renewable resources, such as wood.
Compared to most other materials used in the construction industry or for
the production of physical goods, wood has unique characteristics – some
of them advantageous, others disadvantageous. On the one hand, wood has
an excellent strength-to-weight ratio, a low environmental impact, a low
thermal diffusivity, which makes it feel pleasant to touch, and an organic
appearance that is generally seen as an attractive feature. On the other hand,
wood has considerable shortcomings, related particularly to the natural
variation between species or even between pieces of wood from the same
species or tree. The well-known wood-water interaction can also pose
problems in many applications.
The natural variation between different wood species leads to the situation
that some wood species are considered suitable for performance-driven
products while other, supposedly low-value species are mostly used for
cost-driven products. To a large extent, softwood species with a low density
such as Scots pine belong to the latter group. Scots pine and Norway spruce
are low-density softwoods; easily available in large quantities in the boreal
and temperate forests, and there is a potential to improve the properties of
these species in order to make them more suitable for use in performancedriven products. Examples are high-quality wooden flooring or high-rise
timber buildings.
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Densification, i.e. the transverse compression to achieve permanent
deformation of wood cells and thereby a greater density in a piece of wood
or part of it, is one of the approaches to improve the properties of solid
wood that has been the subject of many studies during the past decades.
The main goal of densifying wood is to increase its hardness and surface
abrasion resistance, but also in some cases to increase its strength. An
improvement in other mechanical properties, such as stiffness, can open up
additional opportunities for application, for example in timber engineering.
More recently, several studies have focused on densifying not the whole
thickness (through-thickness densification) of a wood board, but only the
wood cells close to the surface (surface densification). Surface densification
offers several advantages over through-thickness densification. From a
structural perspective, surface-densified wood has a higher material usage
efficiency – imagine an I-beam versus a solid rectangular beam. Kutnar et al.
(2008a) showed that the modulus of rupture (MOR) and modulus of
elasticity (MOE) of wood could be increased significantly by densification.
For some products, the better dampening characteristics are an asset. In
wooden flooring, for example, surface-densified wood functions as a
composite product in the same way as multi-layer engineered wood
flooring, with the advantage of easier recycling because it only consists of a
single element without the need for adhesive bonding of multiple layers. In
the light of European Union agendas, such as "Bioeconomy" and "Circular
economy", recycling becomes an important factor in the assessment of the
environmental performance of a product (European Commission 2015,
European Commission 2016). In addition, treatments to avoid the
moisture-induced recovery of densified wood cells back to their original
shape need to affect only the densified cells close to the surface and not the
whole piece of wood. This may allow a faster and thereby less costly
treatment process.
So far, research into the surface densification of solid wood has focused
mainly on understanding how the densification process parameters affect
the resulting properties of the densified wood. Reducing, or even
2

completely eliminating the set-recovery is another important topic in this
field. Even though existing research provides a sound understanding of
what happens during the densification process and how the process
parameters affect the outcome, none of the studies focused on developing a
fast, cost-effective, and environmentally friendly densification process. The
same applies to the studied treatments to reduce the set-recovery. They
perform well from a technological point of view, but are rather timeconsuming and therefore costly.
Another aspect, which has been neglected so far, is the exploration of
different wood species that may have particularly suitable properties for
surface densification. Studies on the surface densification of wood have
been carried out only on a few wood species such as Scots pine, Norway
spruce, beech or aspen. However, to propagate the use of surface-densified
wood products it is necessary to identify additional wood species, which
have a high potential for value increase from such a treatment.

3
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2 OBJECTIVE

The objective of this work has been to characterize the situation with regard
to research in the field of surface densification of solid wood in order to
identify the path that needs to be taken to advance surface-densified wood
towards a marketable, performance-driven and cost-effective type of
product with a low environmental impact. This thesis provides an historical
overview of surface densification related research, puts the advances within
this project into a context, and proposes various approaches to answer the
following research questions:
−

How can the wood cells that are to be densified be plasticized in a fast
and effective manner?

−

How fast can the surface layer of wood be densified while maintaining
a density profile throughout the thickness of the wood with a
pronounced increase in density close to the surface?

−

What needs to be done to eliminate the set-recovery of the densified
wood cells in a manner as fast as the densification process?

−

What are the costs and environmental impact of densifying wood in the
way proposed in this thesis?

−

Which wood species have the highest potential to benefit from surface
densification?

−

What are the quality requirements of the wood raw material that is to
be densified?

5

2 .1 SYNOPSIS OF THE APPENDED PUBLICATIONS
The publications I and II cover the roller-pressing experiment to densify the
surface of solid Scots pine boards in a continuous process. The experiments
were carried out in collaboration with Swerea Mefos in Luleå, Sweden and
the results provide a foundation for deciding which path needs to be taken
to successfully commercialize surface-densified wood products. Publication
I describes the initial experiment to explore the general viability of the
approach, while publication II describes the second and more extensive
experiment.
Publications III and IV focus on finding and determining those wood
species which have the most favorable set of properties to be used in
surface densification. Originating from lean thinking and product
development methods, the publications present a systematic approach,
which delivers a quantified ranking of wood species with regard to their
suitability for use in surface-densified wood products. Publication III covers
the development of the wood species selection method, while publication
IV is about the application of the method in the context of the surface
densification of wood.

6

3 HISTORICAL BACKGROUND

3.1 THE BEGINNINGS OF WOOD DENSIFICATION
The densification of solid wood cannot by any means be considered to be a
new field of research within wood science. Already in the first quarter of the
twentieth century – about 100 years ago – several patents regarding
densified wood were issued in the Unites States of America and in Europe
(Kutnar et al. 2015). In 1930, a product called “Lignostone” appeared on
the market and remains there today. It is essentially wood that is densified in
a hydraulic press at 140°C under a pressure of 25 MPa (Kollmann 1936).
Even though patents and products related to densification of wood
appeared already in the early stages of the twentieth century, the first
research paper was published by Seborg, Millet and Stamm in 1945 (Seborg
et al. 1945). At pressures between 10 and 17 MPa, birch veneer was
densified to a density of up to 1300 kg m-3. The researchers called their
product “Staypak”. The process conditions were set in a way that plasticizes
the lignin matrix within the wood material sufficiently to reduce internal
stresses (Rowell 1999). Softening or plasticizing the wood prior to
densification is in general necessary to be able to plastically deform the
wood cells and avoid their destruction through fracture. In general,
plasticization of the wood is achieved by heating it above its glass-transition
temperature, which is reduced with increasing moisture content. Above the
glass-transition temperature, the wood can be deformed rather easily and
without fracturing the cell walls. The idea behind such densified wood
products was to achieve a significant enhancement of the mechanical
properties, allowing the wood to be used in high-stress applications, such as
airplane propellers, dies, and guide rails for machine tools. However,
Staypak did not exhibit a high dimensional stability when exposed to
moisture, a hint at one of the major obstacles of advancing densified wood
towards a competitive product: the set-recovery.
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In the following decades, more and more research studies into densification
of wood were published, investigating the effect of the process parameters
on the resulting wood material, and exploring different methods to
eliminate the elastic spring-back and moisture-induced set-recovery of the
densified wood cells. Kollmann et al. (1975) found that the densified wood
cells need to be cooled down to a temperature below about 100°C to reduce
the spring-back phenomenon. Inoue et al. (1993) densified wood in a closed
press system in which temperature, moisture and pressure were controlled.
The goal was to eliminate the set-recovery of the densified wood by steam
treatment at 180°C for 2-8 minutes. Fixing the compressive deformation of
the wood cells with heat was also tested by Dwianto et al. (1997).

3 .2 SURFACE DENSIFICATION OF WOOD
The densification of wood as reported by Seborg et al. in 1945 leads to a
compression of the wood cells throughout the whole thickness of a piece of
wood, coining the term “through-thickness densification”. However, in
1968, Tarkow and Seborg published studies into what is called “surface
densification” (Tarkow et al. 1968). Instead of densifying wood cells
throughout the whole thickness of the wood, only a thin layer of cells close
to the surface was compressed (Figure 1).

Figure 1: Principal density profile diagram of through-thickness
and surface-densified wood.
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There are several reasons why surface densification is preferable to throughthickness densification. For some applications, a hard surface and
comparably soft core leads to advantageous properties. Surface-densified
wood flooring, for example, would combine a hard and wear-resistant
surface, paired with good dampening characteristics of the core, offering a
pleasant user experience. In addition, the increased MOR and MOE of
densified wood (Kutnar et al. 2008a) suggest that there are potential
applications within the field of wooden constructions and timber
engineering. As an example, surface densification of wood allows the
production of single-piece wood composites with high-strength outer layers
and a soft core, similar in principle to I-beams. As the "composite" is made
of a single element, no adhesive bonding is required, which facilitates
recycling and lowers the environmental impact. However, another
important aspect is the effect of surface densification on the actual
densification process. As it is not necessary to densify the whole crosssection the time required for both the densification stage and additional
treatments to eliminate the set-recovery can be reduced. This reduces costs
and also the energy required (Rautkari et al. 2010).

3 .3 EXPLORING DIFFERENT APPROACHES
Inoue et al. (1990) implemented an elaborate technique to densify the
surface layer of softwood. Five-millimeter deep grooves were cut into the
wood surface and filled with water. Microwave radiation was used to heat
the water and thereby plasticize the wood surface, that was then
compressed to a compression ratio of 45%, which is equal to a thickness
reduction of the same value. In order to achieve a deeper penetration of
fire-retardant chemicals into sugi wood, Subyakto et al. (1998) used surface
densification in a hot press in combination with such chemicals.
Pizzi et al. (2005) chose an entirely different approach to achieve surface
densification: two pieces of wood were fixed inside a wood friction welding
machine, separated by a layer of sunflower oil to avoid bonding of the
surfaces during friction welding. When the pieces were moved in relation to
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each other for 8 to 14 s under low pressure, friction created heat and
plasticized the wood surfaces. Once they were plasticized, the frictioncreating movement was stopped while an additional compressive force was
applied to achieve the actual densification. The pressure was maintained
until the wood cooled to below 100°C. The surface hardness was found to
have increased by about 200%. Rautkari et al. (2009) tested a similar
approach, using only one piece of wood that was fixed to a vibrating platen,
while the other, fixed platen was heated with two heating elements. The
total process time was about 100 seconds and the surface hardness could be
increased by about 100%.
A comparably simple surface densification process was presented by Wang
et al. (2005), who densified balsam fir and black spruce specimens in a
heated press with three different combinations of pre-heating and press
closing times, and a compression ratio of 40%. By calibrating the preheating time and the press closing time, the location of the density peak
could be steered. Part of the study was to examine the effect of the annual
growth ring orientation in the cross-section on the resulting density profile.
Flat annual growth rings (densification in the radial direction) resulted in a
density peak closer to the surface compared to vertical annual growth rings
(densification in tangential direction).
Lamason et al. (2007) densified aspen in a heated press. Prior to
densification, the wood surface was softened in boiling water, and the press
was equipped with a cooling system to solidify the softened and densified
wood cells before the pressure was released. In this way, the immediate
elastic spring-back could be greatly reduced and the hardness was increased
by 140%. In addition, increases in modulus of elasticity and nail withdrawal
resistance of 23% and 132% respectively, were reported. The process time
was about 12 minutes. Rautkari et al. (2011) used a similar approach to
investigate the effect of process time, press temperature and compression
ratio on the density profile. A profile with a pronounced density peak close
to the surface was obtained with a press closing time of 30 s, after which the
pressure was held for 60 s before the wood was cooled. The hardness could
10

be increased by approximately 100% (Rautkari et al. 2013). In a similar
study, a closing time of 30 s paired with a holding time of 10 minutes
yielded an almost identical increase in hardness (Laine et al. 2013a).

3 .4 GAINING A DEEPER UNDERSTANDING
To gain a deeper understanding of the behavior of wood during and after
densification, several studies focused on aspects such as chemical and
microscopic analyses and the wetting behavior of the densified wood
surface. Rautkari et al. (2012) studied the changes in surface chemistry of
friction-densified Scots pine by X-ray photoelectron spectroscopy (XPS),
with the focus on the migration of extractives. The authors found a thin and
uniform layer of extractives on the surface of friction-densified wood. In an
experiment without friction, the surface-densified wood exhibited a more
irregular layer of extractives.
In 2012, Kutnar et al. (2012) examined the wetting behavior of surfacedensified Scots pine by measuring contact angles and determining the
surface free energies after densification and after additional treatments with
heat or linseed oil. Similar studies have previously been carried out on
through-thickness-densified wood (Jennings et al. 2006, Kutnar et al.
2008b). The densification resulted in a rather hydrophobic wood surface,
probably due to thermal treatment caused by the pressing temperature of
150°C. The densification also led to a reduction of the surface free energy
by approximately 25%. Post-treatments with heat or oil reduced the
wettability and surface free energy even more. The oil treatment was found
to be slightly more effective in that regard. Pizzi et al. (2005) found that
surface densification by friction welding increased the contact angle of
water to a level similar to that of wood coated with one layer of a
polyurethane surface finish.
Laine et al. (2014) investigated the cell wall deformation due to densification
in a heated press in dependence of the pressing temperature and the press
closing time, and they found that the deformation started at the weakest
parts of the specimens, in the earlywood regions close to the abrupt border
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to the latewood. With increasing pressing temperature the bulk of the
deformation moves closer to the heated surface. Cell wall fracture was not
observed, indicating that the surface density and thereby the hardness of
wood can be increased without damaging the cell walls (Figure 2).

Figure 2: Micrographs of different degrees of deformed earlywood (a-c) and the same
positions at higher magnification (d-f). No cell wall damage was observed (Laine et al.
2014).

Not all the studies into the surface densification of solid wood were of a
purely experimental nature. Already in 2007, Nairn reported a numerical
study on the transverse through-thickness densification of wood (Nairn
2007), and Fortino et al. (2013) did a finite element method (FEM)
simulation of the hygro-thermal behavior of surface-densified wood. The
results obtained with their model were compared with experimental data
collected from densifying clear sapwood specimens of Scots pine. Even
though the FEM model could not reproduce the experimental data, it gave
some insight into how the numerically determined moisture and
temperature distributions affect the real-life density profile. However, this
study can only be considered to be a first step towards a full hygro-thermomechanical analysis of the behavior of wood during densification.
12

3 .5 ELIMINATING THE SET-RECOVERY
As shown in the previous sections, published studies into the surface
densification of solid wood provide a good understanding of how different
densification process approaches and different process parameters affect
the resulting wood properties. Advanced chemical analyses and simulations
of moisture and heat phenomena during surface densification have also
been carried out. However, already in the early studies in this field of wood
science it was found that unmodified and densified wood cells tend to
recover as soon as they are exposed to moisture (Tarkow et al. 1968). This
phenomenon is related to the shape memory effect of wood, called “setrecovery”, and is caused by the release of internal stresses within the
densified wood cells (Morsing 2000). For example, Rautkari et al. (2009)
observed the total set-recovery of surface-densified wood samples after
exposing the specimens to several cycles of high and low humidity.
3.5.1 Set-Recovery and Elastic Spring -Back
Before considering the elimination of set-recovery, it is necessary to
distinguish between the phenomena of set-recovery and elastic spring-back.
Set-recovery
After being densified, the plasticized wood is cooled and dried. When the
temperature drops below the respective glass transition temperatures of
lignin, hemicelluloses and semi-crystalline cellulose, they solidify, and the
reduction in the molecular thermal activation energy and moisture content
allow Van der Waal´s and hydrogen bonds to be formed at the molecular
level. In this way, the only elastically deformed crystalline celluloses are then
fixed by the plastically deformed lignin, hemicelluloses and semi-crystalline
cellulose. This "frozen" state is however unstable. If the densified wood is
again plasticized in the absence of any external force, e.g. through moisture
or humidity, it reverts to its original dimensions because the elastic
deformation of the crystalline cellulose recovers (Navi et al. 2012). In
practice, the densified wood does not usually fully recover, but it recovers to
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roughly 70-90%. There are two possible reasons for this failure to recover
completely: either there is some damage in the wood cells due to
densification, or the plasticization led to a certain amount of stress
relaxation in the wood material. Once the wood cells have recovered, the
change in properties due to the densification is lost, essentially rendering the
whole approach useless. For this reason considerable effort was put into
exploring different ways of eliminating the set-recovery, and the following
general approaches to achieve a long-term fixation of the densified wood
cells were identified (Norimoto et al. 1993, Morsing 2000).
1. Formation of cross-links between molecules of the wood matrix by
chemical modification, i.e. deactivation of the OH-sites, for
example by acetylation (substitution of the -OH by CH3COOgroups), or formaldehydation (fixing of H2CO between two
hydroxyls to obtain a strong chemical bond), etc.
2. Relaxation of internal stresses within the wood matrix during
densification, by for example thermo-hydro-mechanical treatment.
3. Reducing the water accessibility of the cell wall, for example by
thermal treatment.
4. Mechanical fixation by gluing or impregnation with adhesives, such
as epoxy resin, or by nailing, screwing, etc.
Elastic spring-back
In contrast to the set-recovery, elastic spring-back occurs immediately when
the pressure is released after the densification process. Generally, the elastic
spring-back can be attributed to the release of elastic strains within the
chemical bonds of the wood material, due to an external load. Depending
on the moisture content and the temperature of the wood material, the
densified wood cells spring back to a different extent. Densified wood that
is plasticized springs back more than densified wood that it is dry and below
its glass-transition temperature. A complete elimination of the elastic springback is virtually impossible. Figure 3 shows the different stages of the
densification process at the cell level and when elastic spring-back and setrecovery occur.
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Figure 3: Set-recovery and spring-back of a wood cell in cross-sectional view in the
context of the densification process. The blue color represents solidified wood and
the red color represents plasticized wood. The black arrows indicate that the wood
cell is under load.

3 .5.2 Approaches to Elim inate the Set-Recovery
During the early days of wood densification, one of the major principles of
eliminating the set-recovery was to impregnate the wood with a
polymerizing resin, which basically leads to a mechanical stabilization of the
wood cells. Products such as Compreg were impregnated with phenolformaldehyde (PF) resin that functioned as a plasticizer during densification
and stabilized the wood when it was cured. In this case, veneer layers were
used instead of a thick piece of solid wood in order to reduce the
impregnation time (Stamm et al. 1951). The resulting product had
extraordinary properties in terms of strength, water resistance, swelling and
shrinkage, and still it is commercially available, albeit at prices about ten
times higher than regular plywood.
In the 1990s, several studies were made to reduce the set-recovery by
steaming the wood before densification to plasticize all the wood cells to be
compressed. Hsu et al. (1988) applied saturated steam for 3 to 4.5 minutes
at a pressure of 1.55 MPa before pressing particleboards. The thickness
swelling was then only about one third of that of non-steamed
particleboards. Inoue et al. (1993) steamed solid sugi wood at 180°C for
between 2 and 8 minutes while densifying the specimens at a compression
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ratio of 50%. Steaming during the densification process for 8 minutes at
180°C resulted in complete elimination of the set-recovery. The setrecovery was determined after multiple cycles where the specimens were
soaked in boiling water followed by oven drying. Post-steaming achieved
almost equally good results. The authors suggested that the effect was
achieved by a combined reduction of internal stresses and a reduction in
accessibility to moisture. In a study from 2008, Inoue et al. used presteaming at 120 to 220°C and treatment times of 5 to 20 minutes to study
the reduction in set-recovery. The highest reduction was achieved with presteaming at 210°C for 10 minutes. The set-recovery decreased with
increasing temperature up to 210°C. Similar results were obtained by
Dwianto et al. (1999).
In the following years, efforts to reduce the set-recovery by thermal
treatment or by heated steam focused mainly on post-treatment methods
and the integration of such treatments into the actual densification process.
A post-treatment with hot steam can almost completely eliminate the setrecovery; the higher the temperature, the shorter being the required
treatment time. At 200°C, two minutes were reported to be sufficient to
totally eliminate the set-recovery (Navi et al. 2004). Note that steam
treatments at such temperatures are carried out in closed systems in a
controlled atmosphere, such as in a reactor or autoclave. Welzbacher et al.
(2008) integrated thermal treatment into the press holding stage of the
densification process. Post-treatment temperatures between 140 and 200°C,
and treatments for between 30 and 240 minutes were tested. Afterwards, a
four-hour long oil-heat treatment stage was added to further reduce the setrecovery. Regardless of the densification process parameters, the
combination with oil-heat treatment resulted in an almost complete
elimination of the set-recovery.
Kutnar et al. (2012) focused on the effect of the steaming conditions during
compression at temperatures between 150 and 170°C in a closed system. To
further reduce the set-recovery, a post-treatment with saturated steam at
200°C was tested. The results showed that the set-recovery decreased with
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increasing densification temperature. During the densification process,
saturated steam worked significantly better than transient steam conditions
and superheated steam. The combination of saturated steam and
compression at 170°C resulted in a set-recovery of only 6% after five wetdry cycles. A post-treatment did not reduce this set-recovery any further.
Fang et al. (2006) achieved similar results after densifying aspen and hybrid
poplar under steam conditions at temperatures of up to 220°C. According
to Inoue et al. (2008) the reduction in the set-recovery achieved by
densifying wood under heat and steam conditions was suggested to be
caused by an effective plasticization of the lignin matrix, the breakdown of
cross-links that are responsible for the set-recovery effect, and the
formation of strong covalent bonds while the wood cells are under
deformation.
As studies into surface densification gained popularity over the past years,
the reduction of the set-recovery has remained an important research
subject. After densifying the surface of aspen wood, Gong et al. (2010)
tested a post-treatment stage in a closed system with heat and steam at
temperatures between 190°C and 210°C. A reduction in set-recovery of
90% was achieved at a treatment temperature of 200°C. However, the
treatment also reduced the hardness of the densified wood, probably due to
thermal degradation of the hemicelluloses and cellulose. The hardness was
nevertheless considerably higher than that of undensified and untreated
wood. A combination of heat and steam at a temperature of 200°C was also
tested by Laine et al. (2013b), with a total treatment time of about 4.5 hours.
As in the study by Gong et al., the set-recovery was reduced by
approximately 90%. The level of densification had no significant influence
on the set-recovery.
Another approach to reduce the set-recovery is to fill the cell lumens with
some sort of impregnation agent. Westin et al. (2009) developed a
Compreg-type product, composed of veneers impregnated with furfuryl
alcohol, and the resulting wood-based material had an increased hardness
and dimensional stability. Pfriem et al. (2012) took that approach and
17

applied it to through-thickness-densified wood of beech. The set-recovery
was then reduced from 89% (untreated densified wood) to only 17%
(furfurylated densified wood at 40% weight percentage gain). A linear
relationship between weight percentage gain (WPG) and reduction in setrecovery was observed.
In 2010, Gabrielli and Kamke reported a study that picked up on the old,
veneer-based Compreg approach of impregnating wood with a PF resin. In
their study, the impregnation was carried out via a vacuum/pressure process
with a total treatment time of 45 minutes. After impregnation, hybrid poplar
specimens with a thickness of 6 mm were densified with the so-called
viscoelastic thermal compression process, which consists of a dynamic heat,
steam and mechanical compression schedule (Gabrielli et al. 2010). The setrecovery was almost totally eliminated at a resin concentration level of
10%.
Khalil et al. (2014) impregnated agatis wood with a combination of styrene
and methyl methacrylate before a through-thickness densification to 50% of
its initial thickness. They measured the volumetric swelling and reported a
reduction by approximately 75% compared to untreated wood. The
impregnation process time was 100 minutes.
In a recent study, Laine et al. (2016) tried to eliminate the set-recovery by
densifying the surface of acetylated radiata pine. Acetylation is a well-known
method to reduce the number of accessible OH-groups, and this greatly
reduces the equilibrium moisture content of wood, and hence improves the
dimensional stability (Rowell et al. 2009). The set-recovery of the untreated
specimens was about 75%, while the set-recovery of the acetylated
specimen was only about 25%. As an additional effect, the acetylated
specimens had a higher hardness than the un-acetylated ones. Remarkably,
the measured hardness of the densified and acetylated specimens was more
than 30% higher than the undensified specimens, despite a thickness
reduction of only 1 mm.
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The large number of studies to eliminate the set-recovery of densified wood
makes it difficult to give a clear picture of the efficacy of the different
approaches and methods. Figure 4 shows the effect of different treatment
methods on the set-recovery as a function of the treatment time. The chart
is not perfectly accurate, since the underlying studies are not perfectly
comparable. However, it provides an overview of the general efficacy of
different treatments to reduce the set-recovery.

Figure 4: Overview of various treatments to reduce the set-recovery of densified wood
as a function of the treatment time. The figure illustrates the general efficacy of
different treatments.
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4 THE GAP BETWEEN LAB AND INDUSTRY

The increasing number of studies into the densification of wood in general,
and surface densification in particular, suggests that the subject is
groundbreaking and new. Section 3 showed however that this is far from
being the case. The oldest studies are about 70 years old in the case of
through-thickness densification, and about 50 years old in the case of
surface densification. Densified wood products reached commercialization
from the beginning and they are still available on the market, albeit as niche
products. Nevertheless, the recent studies in the past 10 or 20 years have
provided a rather deep understanding and new knowledge of how the
process parameters affect the densified wood material. Numerous studies
aiming at eliminating the set-recovery of densified wood point out several
promising approaches, and some of them are highly effective from a
technological perspective. It appears that high performing and competitively
priced surface-densified wood products could appear on the market at any
time. However, upon closer examination, there is a clear gap between the
published studies and large-scale industrial production.
This gap is caused by two major problems: Firstly, the previous studies for
densifying solid wood all rely on batch-type processes in which pieces of
wood are put into a pressing device, followed by the densification process,
after which they are taken out of the press, and the process starts over
again. Densifying wood in this way is not efficient from a productivity
perspective. In the early days of densified wood products, this was not a
huge problem because the products were mainly used in situations with
rather extreme demands on the mechanical properties; such as propellers or
guide rails of machine tools, and the price was not a factor of major
importance. Extraordinary performance was required – at almost any price.
Nowadays the situation has shifted. Environmental concerns play an
important role. In many of the ‘early’ applications, densified wood was later
replaced by other materials, for example metal, or glass- and carbon-fiber
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composites. If densified wood products are to successfully penetrate the
market, they need to perform strongly, while at the same time being costeffective and with a limited environmental impact, where the latter aspect is
becoming more and more important nowadays.
Secondly, the studied methods of reducing the set-recovery are either very
time-consuming with hour-long process times or somewhat complex from a
technological viewpoint, and they consume considerable amounts of energy
or use more or less toxic substances. Impregnation treatments are mostly
carried out in vacuum/pressure vessels, which also is a type of batch
process. Heat treatments without steam may last for several hours. Steam
treatments are often done in a closed system and consume a lot of energy.
They allow, however, rather short treatment times while being highly
effective in eliminating the set-recovery.
Apart from these two main obstacles, there are a few additional aspects or
potential issues that have barely been taken into account thus far. Existing
studies have focused on clear wood, i.e. specimens without defects, such as
knots and cracks, or large variations in density. Using only clear specimens
is a sensible choice for gaining an understanding of what happens during
the surface densification process, but it is not in line with the goal of
creating a cost-effective product. For example, cutting away all the defects
of Scots pine raw material would probably vaporize the price advantage
over more expensive woods such as oak and many exotic wood species.
Thus, the question arises: can sawn timber be successfully densified in the
state in which it comes out of the sawmill? Aspects that need to be
evaluated are the acceptable number, size and position of knots, the
acceptable variations in density, and the acceptable range of the annual
growth ring orientation in the cross-section.
Another issue is the range of wood species that were used for densification
thus far. It can be seen in the studies examined in section 3, that only a few
wood species, such as pine, spruce, aspen, poplar, and beech have been
taken into account. In order to propagate the application and use of surfacedensified wood products, it is necessary to identify as many wood species as
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possible that have a particularly high potential to increase in performance
and value from such a treatment. Considering the fact that thousands of
wood species are commercially available around the world, there are
possibly many suitable alternatives to the wood species used in the past.
To summarize the obstacles and problems, it can be said that research into
wood densification has reached a point at which the level of knowledge is
rather high, but only on a laboratory scale. Now, it is time to advance this
field of research one step further towards the cost- and energy-efficient
production of performance-driven densified wood products with a low
environmental impact.
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5 TOWARDS A COMPETITIVE PRODUCT

The next step on the road from surface densification on a laboratory scale
towards a marketable, performance-driven and cost-effective type of
product leads to a situation which can be separated into different paths as
shown in Figure 5.

Figure 5: The paths from laboratory scale research towards a marketable,
performance-driven and cost effective type of product.

The material selection stage involves two aspects: material quality
requirements and the identification of wood species suitable for surface
densification. Determining the quality requirements for a piece of wood that
is to be densified is perhaps of more immediate importance, whereas the
identification of suitable wood species is potentially more beneficial in the
long run. The material selection path strongly influences the actual
densification process from a technological viewpoint, but it also affects the
environmental impact and economic aspects.
The major challenge is however to transform the existing, usually batchbased process of surface-densification into a cost- and energy-efficient highspeed process. This means that all sub-stages of the whole process –
plasticization, densification, and stabilization – need to fulfill these criteria.
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Hitherto, the environmental and economic performance of the surface
densification processes has been based only on common sense reasoning
and estimations. For this reason, it is necessary to conduct life-cycleanalyses (LCA) as soon as a commercially viable surface-densification
process is ready for industrial implementation. In addition, a quantitative
analysis of the process costs is needed to determine investment costs and
the required amount of sold product.
Thus far, wooden flooring is the major application of surface-densified
wood. To propagate the use of surface-densified wood products it is,
however, crucial to identify as many suitable applications and areas of use as
possible. Possible applications could be workbenches, kitchen counters and
cutting boards, claddings, and even use within the field of wood
construction and timber engineering is a possibility. These are only
examples. Eventually, a structured approach is needed which relates the
properties of the surface-densified wood material to the needs of the market
and the customers.
However, the main focus of the present studies is the wood technology
part, which includes the material selection and densification process. The
following sections describe the research conducted in this project and the
promising approaches that will be explored in the future.

5 .1 DEVELOPMENT OF A HIGH-SPEED PROCESS
In the previously studied batch-processes in a hot press or friction welding
machine, the process cycle times are too long, also because of the need to
load and unload the densification equipment after each batch. A continuous
surface densification process needs to be developed (Neyses et al. 2015).
The first idea was to plasticize the wood material in some way and feed it
through steel rollers, set to the desired target thickness/level of
densification (Figure 6). Feeding wood through rollers is not a new idea.
Groger, Kamke and Churchill (1995) patented a process for producing
composite panels of densified wood consisting of veneer layers bonded with
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thermoplastic adhesive in a drum or roller press. A similar patent by Kamke
and coworkers proposed a continuous process for densifying veneer or
oriented strand board by the viscoelastic thermal compression method
(Kamke et al. 2008). This process used a combination of a roller press and a
belt press system. Inoue et al. (2008b) devised a process to treat green
lumber with aqueous solutions, micro-emulsions and other fluids in a roller
press. However, the roller-pressing approach has not been adopted to
permanently densify the surface of sawn timber while at the same time
focusing on maximizing the process speed.

Figure 6: The basic principle of densifying the surface of wood in a roller press.

5 .1.1 The First Roller Pressing Experim ent
In the work described in publication I a roller pressing experiment was
conducted in collaboration with Swerea Mefos in Luleå, Sweden and the
surface densification of Scots pine boards was explored in terms of
achievable feed speed through the rollers, while still achieving a density
profile with a marked increase in density close to the surface. In this
experiment, the actual densification stage was done in a continuous way, but
the plasticization stage was carried out by heating one side of the boards
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through contact with a hot steel plate (Figure 7). The stabilization stage was
omitted completely to simplify the experiment and to keep the focus on the
densification process parameters. As the available equipment did not offer
the possibility of cooling the densified wood cells before releasing the
pressure, the immediate elastic spring-back was approximately 50% of the
target thickness reduction.

Figure 7: The principal setup of the first roller experiment carried out in collaboration
with Swerea Mefos from Luleå, Sweden. The plasticization stage was a batch
process, while the densification was done in a continuous way.

The first test was conducted at a process speed of only 0.08 m/min. In each
of the following test runs, the speed was increased stepwise, to a maximum
speed of 80 m/min. Density profiles were obtained from computer
tomography (CT) scan images, taken before and after densification. It was
observed that desired profiles could be obtained even at the highest speed
tested, but at speeds of 8 m/min and 20 m/min a slightly more pronounced
density peak close to the surface was obtained (Figure 8).
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Figure 8: Density profiles after roller pressing of Scots pine boards at different
process speeds. The blue line indicates the density of the specimen before
densification; the red line shows the density after densification.

The differences between the density peaks at process speeds of 8 m/min
and 80 m/min were nevertheless rather small. A slight densification also
occurred on the opposite side of the boards, even without plasticization.
The density increase was between 25 and 30%, despite the high spring-back
in comparison to that in the densification processes that included a cooling
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stage. In an experiment carried out at Aalto University using a hot press, the
elastic spring-back was only about 15%. The increase in density close to the
surface is also clearly visible in the CT images. Figure 9 shows the crosssection of one densified board before (left) and after (right) densification.
Bright areas indicate a high density.

Figure 9: CT images of a cross sectional view of Scots pine before (left) and after
(right) densification. Bright areas indicate a high density. The blue circle highlights a
shape deformation at the edge of the board, caused by the densification.

A secondary objective of the initial roller pressing experiment was to get a
feeling for the process parameters and maybe even more importantly, to
evaluate how irregularities such as knots affect the densification process.
Smaller knots, and especially knots located in the middle of the boards did
not cause problems during densification. Large knots, covering almost the
whole width of the boards and knots on the edges and close to the edges
need to be avoided because they are torn out from the board and leave it
partially destroyed.
Due to the novelty of the study and the budget limitations, it was
impossible to adopt a well-structured experimental design. Nevertheless,
some crucial conclusions could be drawn. First and foremost, it was shown
that it is in fact possible to densify solid wood in a continuous way by
feeding it through a set of rollers, and to obtain a density profile with a
pronounced density peak close to the surface – even at a high process
speed. In the larger context of advancing surface-densified woods towards
industrial implementation, this experiment can be seen as a stepping-stone
for the following studies.
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5 .1.2 The Second Roller Pressing Experim ent
Publication II covers the second roller pressing experiment, carried out to
gain a better understanding of the process, to identify its limitations, and to
implement a stabilization stage.
The general setup of the roller pressing equipment was similar to that used
in the first experiment. The main densification was carried out between one
set of rollers, of which one was heated. However, to avoid deformation of
the board edges (as shown in Figure 9), a profiled roller as shown in Figure
10 was used. The plasticization stage was changed, so that the specimens
were pressed onto a hot and insulated steel slab (Figure 11), which
maintained its temperature for a much longer time than the setup used in
the first experiment. This led to a better control of the plasticization
process. In addition to the plasticization and densification stages, pre- and
post-treatment stages were added to test two methods of stabilizing the
densified wood cells. The cross-sectional dimensions of the specimens were
the same as those used in the first roller pressing experiment and the MC of
the specimens was about 14%. Chemical treatments were applied before
and after the densification process.

Figure 10: Cross-section view of the roller pressing setup of the second roller
pressing experiment. The upper roller was profiled to avoid deformation of the board
edges due the densification, as seen in Figure 9.
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Figure 11: The principal setup of the second roller experiment carried out in
collaboration with Swerea Mefos in Luleå, Sweden. In addition to the plasticization
and densification stage, pre- and post-treatment stages were added to test two
methods of stabilizing the densified wood cells.

During the second roller pressing experiments, 10 replicates were run for
each set of parameters. The heating temperature and heating time during
the plasticization stage were set to 150°C and 90 s for all specimens. The
densification process speed was fixed to 20 m/min and the temperature of
the hot roller was set to 150°C.
Table 1 summarizes the treatments tested during the experiment. Sodium
hydroxide treatment and impregnation with methacrylate resin were tested
as stabilizing treatments to reduce the set-recovery. To reduce the elastic
spring-back, one group of specimens was fed through additional sets of cold
rollers, subsequent to the main densification stage.
The treatment with sodium hydroxide was done to activate the wood
surface prior to densification in order to support the formation of a new
lignin matrix with less recovery. The aqueous 8% sodium hydroxide
solution was applied with a paper towel, followed by a waiting time of 20
minutes. In a previous study, in which Scots pine specimens were densified
in a hot press after being treated with sodium hydroxide solutions for only
about 1 minute, a small reduction in the set-recovery was observed. The aim
of the impregnation with a heat-curing methacrylate ester monomer resin
was to stabilize the densified wood by polymerization of the monomers
inside the wood cells. It was tested both as a pre-treatment and as a posttreatment, by soaking the wood surface for 10 minutes in a 5 mm deep bath
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of the resin. When the resin was used in the pre-treatment stage, the
densification stage should press the resin deeper into the wood surface.
With impregnation as a post-treatment, the temperature difference between
the hot wood surface and the cold resin bath was used to create a suction
effect.
Table 1: Pre- and post-treatments used to reduce the set-recovery.
Specimen
group

Pretreatment

Plasticization

Densification

Post-treatment

C

No

No

No

No

DH

No

Yes

Yes, cold roller

No

D

No

Yes

Yes, hot roller

No

DL

No

Yes

Yes, hot roller

Cooling stage by feeding
the specimens through
cold sets of rollers

DS-

Sodium
hydroxide

Yes

Yes, hot roller

No

DM-

Methacrylate
resin

Yes

Yes, hot roller

No

D-M

No

Yes

Yes, hot roller

Methacrylate resin

DSM

Sodium
hydroxide

Yes

Yes, hot roller

Methacrylate resin

The results show that the type of treatment had no effect on the level of
densification after spring-back, apart from the DL group, which was
exposed to the cooling stage between sets of cold rollers (Figure 12). Using
a hot or cold roller during the densification stage had no significant effect
on the spring-back. Perhaps the contact time of the roller with the wood
has been too short to transfer heat to the wood surface.
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Figure 12: Set-recovery of the “chemically treated” Scots pine after densification and
one or two wet/dry cycles. The error bars show the standard deviation within each
group of specimens. The line chart shows the oven-dry thickness of the specimens
after densification and after the second wet/dry cycle.

In a pre-study using a heated batch press, the chemical treatments were
tested to determine the treatment method and parameters. The pretreatment with the methacrylate resin led to significant reduction of the setrecovery, but these results could not be reproduced during the roller
pressing experiment. The apparent small effect observed in Figure 10 is
misleading and is caused by the method of calculating the set-recovery. In
reality, the chemical treatments had no effect on the set-recovery. The
reason for the discrepancy between the pre-study and the roller pressing
experiment could be in the densification stage itself. In a hot press, the
wood is compressed under continuous contact for about 1.5 minutes,
whereas the roller pressing equipment provides contact for only a fraction
of a second, which may lead to insufficient penetration of the methacrylate
resin into the wood cells. The pre-study was too small in scope to draw a
definitive conclusion, but it raises the question if there may be a better
approach to continuous surface densification than the used roller pressing
equipment.
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5 .1.3 A Continuous and Integrated Process
The two experiments carried out using the roller pressing technique showed
that a continuous surface densification process is a viable approach to
advance surface-densified wood products towards commercial application.
However, the roller pressing equipment has its limitations. The densification
stage was done in a continuous way but the plasticization stage was carried
out as a batch process. It is difficult to introduce a cooling stage to solidify
the densified wood cells while still being under pressure, and the short
contact time between the wood and rollers hints at constraints regarding the
integration of treatments to reduce the set-recovery.
Having studied a workflow consisting of three dedicated stages:
plasticization, densification and solidification, and stabilization, it was
decided to study the potential of an integrated process that takes advantage
of possible synergetic effects between the process stages. In the wood
industry, continuous processes of some sort are found everywhere. The
production of medium-density-fiberboard (MDF) is of particular interest
with regard to the surface densification of wood. Figure 13 shows a
continuous MDF press produced by Dieffenbacher GmbH in Germany.

Figure 13: The entry part of a continuous medium-density-fiberboard (MDF) press
(Dieffenbacher GmbH Maschinen- und Anlagenbau 2015).

35

The fibers are pressed and bonded to create an MDF board in a long
production line, which maintains continuous contact to the fibers via a belt
system. It is possible to manipulate the distance between the upper and
lower belt, as well as the temperatures in different locations within the
press. The use of a belt press was also proposed in a patent by Kamke et al.
(2008) to densify veneers and oriented strand board. The feature of
continuous contact makes it possible to translate the rather well understood
batch process of wood densification in a hot press into a continuous
process, including plasticization and cooling. One problem is the complexity
and cost of such equipment. For this reason, it seems to be more sensible to
adopt the belt principle and apply it in a more simple way.
A simple thermal treatment process to reduce the set-recovery would be
easy to integrate into a continuous MDF-type press, but what about
impregnation or other liquid-based treatments? In 2008, Inoue et al.
reported a new approach to the impregnation of green wood, using roller
pressing equipment (Inoue et al. 2008b), which was briefly mentioned in
section 5.1. When green wood is compressed, the elastic spring-back is
large, and this spring-back creates a lower pressure in the wood in relation
to the surrounding atmosphere, so that the impregnation liquid is sucked
into the wood cells. This principle could be integrated into the surface
densification process.
In general, the immediate spring-back is a negative effect of wood
densification and can be reduced significantly with a cooling stage.
However, it is almost impossible to eliminate it completely. For this reason,
the spring-back might be harnessed in a positive way. Figure 14 exemplifies
how such an impregnation treatment could be implemented, with a spray or
bead system to apply the impregnation liquid. Another possibility would be
to apply the impregnation liquid in a small gap between two densification
stages (Figure 15). In that case, the suction effect would be even greater,
because of a greater amount of spring-back than after the cooling stage.
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Figure 14: An impregnation procedure which uses the suction effect caused by the
spring-back after the cooling stage to increase the penetration of the impregnation
liquid into the wood surface.

Figure 15: An impregnation procedure which uses the suction effect caused by the
spring-back of the densified wood cells after the first densification stage.

A long time ago, ammonia was used to plasticize wood, for example in
bending beams or furniture components (Schuerch et al. 1966). In 1986, a
patent was granted for a wood densification process using anhydrous
ammonia for plasticization (Favot 1986). Ammonia has the ability to
penetrate the lignin in the wood matrix and to relax the crystal lattice in the
wood material. The ammonia breaks hydrogen bonds within the cell wall,
and allows macromolecules to move past one another when they are
exposed to an external tensile or compressive load (Schuerch 1963). The
author reported that 1.4 mm thick birch strips could be plasticized by
soaking them in liquid ammonia for 15 to 20 minutes. This plasticization is
reversible and the ammonia can be recovered via evaporation. After the
ammonia has evaporated, new hydrogen bonds are formed leading to a
significant reduction of the set-recovery.
In theory, the great advantage of ammonia treatment in the context of
wood densification is the fact that it combines the plasticization and
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stabilization stage into a single process step, thereby offering energy-, time-,
and cost-saving potentials. Interestingly, similar studies are rather rare. The
use of ammonia to plasticize wood seems to be related mainly to wood
bending processes. Only recently, scientists from the Mendel University in
Brno in the Czech Republic examined the effect of ammonia-plasticization
on the properties of through-densified beech wood (Pařil, et al. 2013). The
softening process with gaseous ammonia took up to 30 hours. In a followup study, the same group of researchers used an autoclave to plasticize the
specimens prior to densification with gaseous ammonia at a pressure of 0.2
MPa for 3 hours, resulting in elimination of the set-recovery (Rousek et al.
2015).
The question then is: how long a time is needed to effectively soften the
surface of wood with ammonia as part of a continuous surface densification
process? This depends on two factors: the depth of the densification into
the wood surface and the speed of penetration into the wood cells. In a
study that was part of a short-term scientific mission at Aalto University in
Finland, Scots pine specimens with a thickness of 17 mm were surfacedensified in radial direction to a target thickness of 15 mm. The increase in
Brinell hardness was approximately 80%. By applying ammonia in a manner
similar to that shown in Figure 10, taking advantage of the spring-back
suction effect, the treatment time can possibly be reduced to an acceptable
length.
There are other possibilities that might be worth exploring, but a surface
densification process flow based on a continuous belt press, appears to be a
sensible choice for further studies.
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5 .2 WOOD SPECIES FOR SURFACE DENSIFICATION
The publications III and IV considered the development of a fast and costeffective densification process with a limited environmental impact.
Identifying and selecting the most suitable wood species for surface
densification is a necessary task to widen the field of application for the
corresponding products. In past studies of wood densification, pine, spruce,
aspen, poplar, and beech were used (Kutnar et al. 2009, Gong et al. 2010,
Kamke et al. 2011, Rautkari et al. 2011, Pfriem et al. 2012). The currently
available densified wood products, such as Compreg, rely solely on beech
wood.
Publication III describes a systematic and quantitative method to select the
most suitable wood species for wooden products, based on quality function
deployment (QFD) and multivariate data analysis (MVDA). The input data
for the method consisted of relevant customer needs/product requirements
and a large wood species dataset, in which the wood species are represented
by properties such as density, hardness, texture, arrangement of vessels,
availability, etc. The method generates a quantitative ranking that indicates
which wood species fulfill the product requirements in the best way, and
also why certain species rank higher than others.
Initially, the method was intended to be used in relation to wood products,
but it is also possible to use it to find the most suitable wood species for a
certain type of wood modification or processing technology – in this case
surface densification (publication IV). Figure 16 shows the workflow for
applying the method to the surface densification of solid wood.
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Figure 16: Four-step workflow of the wood species selection method. Light blue
boxes indicate input data; dark blue boxes show calculations done as part of the
method; red boxes show the output of each stage.

In the first step, important surface densification process requirements were
determined, for example a high densification potential and low material
acquisition costs. In the next step a correlation matrix, based on the socalled house of quality (HOQ) method was used to determine which wood
properties are the most important ones with regard to the process
requirements. The principle of the HOQ method is described in Hauser et
al. (1988). The third step makes use of principal component analysis (PCA)
to show interactions between the wood properties and the wood species,
which provides useful information about potential trade-offs in the choice
of certain wood species. PCA is described extensively in the book
"Multivariate Data Analysis – in practice: An introduction to multivariate
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data analysis and experimental design" (Esbensen et al. 2002). The fourth
and final step calculates how well the wood species in the dataset fulfill the
surface densification process requirements and presents the results as a
quantitative ranking of the wood species. The final ranking is not affected
by step 3. For this reason, the third step is non-essential and should be
regarded as a supplementary step that provides a deeper understanding of
how the final ranking of the wood species came about.
During the application of the method it is possible to use different
assessment and calculation scales at different stages of the workflow, so that
the final results are to some extent subjective. The results of the study
confirmed the suitability of those wood species that have been used in
previous studies into the densification of wood in general, and surface
densification in particular (Figure 17), but beech scored outside the top ten
wood species in the ranking. More importantly, the method yielded several
high-scoring alternatives to the previously used species. Examples are
domestic species such as alder, cedar and basswood, as well as exotic species
such as obeche, avodire, makore and okoume.

Figure 17: Final ranking of the most suitable wood species for surface densification.
The chart shows only a selection. Species in red are alternatives to the previously
studied species (black).

41

The study was of a theoretical nature; no practical tests on the wood species
identified were carried out. Nonetheless, the method clearly shows that
there are many wood species which are potentially suitable for use in
densified wood products, despite the fact that the underlying dataset
consists of only 100 species.
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6 CONCLUSION AND OUTLOOK

The goal of this work has been to identify and assess approaches to advance
surface-densified solid wood towards a marketable, performance-driven and
cost-effective type of product. Based on the knowledge gained over the past
50 years the development of a continuous and high-speed surface
densification process was chosen as a promising path.
In two experiments, a roller pressing approach was explored and it was
shown that such a technique makes it possible to obtain the desired density
profiles, even at high process speeds of up to 80 m/min. It has also been
shown that some types of defects in the wood, such as knots, do not need
to be removed before densification, at least within certain limits. At the
present stage the roller pressing approach has some limitations, which pose
the question of whether it is the right approach to pursue in the future. Due
to the difficulty of integrating a cooling stage, a considerable amount of
immediate spring-back is inevitable. Furthermore, it seems that there are
limitations regarding the integration of stabilizing treatments to reduce the
set-recovery, which still remains a big issue.
Because of these problems, it appears that a continuous belt pressing
process – similar in principle to the MDF production process – may be
more suitable for the surface densification of wood. It provides continuous
contact with the wood for a prolonged time, similar to a batch process in a
hot press. For this reason, findings from existing and future studies can be
more easily translated to the continuous belt press approach.
The study to find the most suitable wood species for surface densification
yielded interesting results. The suitability of previously tested wood species
was confirmed but, more importantly, many alternatives were found, among
them both domestic and exotic species. The fact that various wood species
from all around the world were found to be suitable shows the potential for
establishing surface-densified wood products on a global level.
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Before such a level can be reached, further research into a continuous
surface densification process is necessary. Even though the viability and
potential of such an approach have been clearly shown by the present
studies, several question marks remain, not only from a pure wood science
perspective, but also from an environmental and economic viewpoint. Lifecycle-assessment (LCA) and life-cycle-cost-assessment (LCCA) are
keywords in that regard. Future collaborations under the umbrella of the
COST Action FP1407 “ModWoodLife” project (Understanding wood
modification through an integrated scientific and environmental impact
approach) are certainly well suited to cover these two aspects.
To conclude this thesis, it can be said that previous research into the surface
densification of wood has provided a foundation that this project took as a
starting point on the path to a widespread establishment of surfacedensified wood products on the market. The studies so far carried out as
part of this project, indicate that the overall project objective is in fact
within the realms of possibility.
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Abstract
The hardness of the outer areas of solid wood can be improved by surface densification,
and this opens up new fields of application for low-density species. So far, surface
densification relies on time- and energy-consuming batch processes, and this means that
potential advantages over more expensive hardwood species or non-renewable materials
are lost. Using fossil-based plastics or applying wood densification processes with a high
energy consumption has adverse effects on the environment.
The purpose of this project has been to study the viability of a high-speed continuous
wood surface densification process on Scots pine boards using roller-pressing equipment.
Based on the process parameters used in existing research into the surface densification
of wood, an experiment was conducted to study the potentials and limitations of the roller
pressing approach.
Densification with a roller pressing technique resulted in a densified surface at feed
speeds up to 80 m/min, but there is a complex relation between the roller pressing process
parameters and the properties of the densified wood surface. Even though immediate
springback was observed, the peak density increase reached up to 40%. The data indicate
that a short heating time at a high temperature to soften the wood yields the best results.
Future work will continue on optimization of the densification process, and also on
improving the process from an economic and an environmental perspective.
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Introduction
Increasing the hardness of wood by densification is not a new approach. Sixty years ago,
Seborg et al. (1956) presented a heat-stabilized compressed wood product, called
Staypak. The increase in hardness opens up new fields of application for low-density
species, e.g. highly durable wood flooring or kitchen counters.
Staypak and other compressed wood products have in common that the level of
densification is more or less constant throughout the thickness of the piece of wood,
indicated by the term ‘through densification’.
Densifying only the area close to the surface of a piece of wood has several advantages
over through densification: it has a higher material input efficiency from a strength
perspective, similar to that of an I-beam. For some applications it can be advantageous
that the undensified core has better dampening characteristics than a densified core, e.g.
in flooring.
In contrast to through densification, surface densification of wood became a research
topic only more recently. Even though some experiments were reported already in 1968
(Tarkow & Seborg), research on surface densification became more popular only about
ten years ago (Navi & Sandberg 2012). One can say that the majority of recent research
into the surface densification of solid wood originates from Aalto University in Finland.
In his doctoral thesis, Rautkari (2012) explored various approaches to surface
densification of solid wood. Laine (2014) focused on surface densification in a hot press,
examining the effects of the process parameters on the resulting properties of the surfacedensified wood.
Rautkari et al. (2010) investigated one of the crucial obstacles that prevent surfacedensified wood from being a marketable product: set-recovery, the moisture- or heatinduced “swelling” of the densified wood back to its original thickness. Without
additional treatment, set recovery reaches almost 100%. Gong et al. (2010) and Laine et
al. (2013) showed that set-recovery can be reduced by a thermal post-treatment stage.
Even though past research offers solutions for most of the problems encountered, the
major obstacle that remains is how to improve the economic viability of the surface
densification process. So far, surface densification relies on time- and energy-consuming
batch processes. Post-treatment stages to eliminate set-recovery work in principle, but
consume a lot of time and energy. This eliminates the potential advantages over more
expensive species or non-renewable materials with a higher inherent hardness, for both
economic and environmental reasons. So far, continuous processes have only been
investigated in other contexts, for example for a novel impregnation process (Inoue et al.
2008).
2
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The aim of this research project is to develop a continuous wood surface densification
process, which fulfills the requirements of being fast and economic, together with a low
environmental impact.
This paper covers the first experimental study of the roller-pressing technique, and the
influence of the process parameters on the resulting density and density profile of the
densified wood samples.
Materials and Methods
The study was conducted in collaboration with the Swerea Mefos in Luleå, Sweden, who
provided the roller pressing equipment and expertise regarding the roller pressing of steel
and other metals.
The densification process
19 Scots pine (Pinus sylvestris) samples with a length of 1000 mm, a width of 40 mm and
a thickness of 20 mm were compressed in the radial direction. The samples were cut from
boards so that the densified surface would consist only of sapwood, and the samples were
conditioned to a moisture content of 13% before the treatment started. The mean density
of the samples before densification was 470 ± 100 kg/m3.
The densification process consisted of two stages: 1) softening of the wood samples
under heat, and 2) densification of the wood samples between two rollers (Fig. 1). The
samples were softened between two steel plates of which one was heated in an oven to a
constant temperature, in order to soften only one of the surfaces. The densification of the
samples was achieved by feeding them through a pair of rollers of which one was heated
(Fig. 2). The diameter of the rollers was 160 mm. The roller pressing equipment is
usually used in the steel industry, which means that the forces developed during wood
densification are much below the limit of the capabilities of the equipment.

Figure 1: The roller pressing process: a) softening of one surface of the wood between one hot and one cold
steel plate (left), and b) densification between one heated and one cold roller (right).
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Figure 2: The roller pressing equipment. The upper roller was heated. The lower roller is not visible in the
photograph.

Table 1 shows the process parameters used in the test. The temperatures of the heated
steel plate and the heated roller were determined with a pyrometer.
The heating time and temperature of the steel plate, and the targeted thickness reduction
under compression were based on the results reported by Rautkari et al. (2011). For the
first sample, a low feed speed was chosen, and the feed speed was thereafter increased
stepwise in order to test the limits of the process.
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Table 1: Sample overview and process parameters.
Pre-heating

Densification process

Sample
No.

Tsteel plate [°C]

Heating time
[s]

Theated roller
[°C]

Feed speed
[m/min]

Target
thickness
reduction
[mm]

1

180

90

140

0.083

5

2

180

90

140

0.8

5

3

180

90

140

8

5

4

180

90

140

80

5

5

180

90

140

80

5

6

130

90

140

80

5

7

130

90

150

20

5

8

130

90

150

20

5

9

140

90

150

20

5

10

150

180

50

20

5

11

190
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Determination of the sample thickness, density and density profile
The density and density profile of all samples were measured before and after
densification with an X-ray computer-tomography (CT) scanner. Cross-sectional CT
images were taken every 100 mm in the length direction of the samples, evenly
distributed over the length of each sample. The image processing software ImageJ was
used to extract density values and density profiles from the CT images. The density
profiles were measured through the center of the cross-sectional images (Fig. 3).
The grey scale data were calibrated and expressed in kg/m3 in the range from 0 to 1000
kg/m3. The density calibration was achieved with the aid of the known density of air and
water (Kalender 2011). Light grey areas indicate high-density values, and dark grey areas
indicate low-density values.

Figure 1: Principle of measurement of the density profile. The density profile is measured through the
centre of the cross-sectional CT images. The lighter areas in the CT image indicate a higher density than
the darker areas.

Results and Discussion
To explore the possibilities of a continuous wood surface densification process, various
process parameters were tested with regard to their influence on the resulting sample
density and density profile. The goal was to obtain density profiles with a pronounced
peak close to the heated surface.
It was not possible to detect significant interactions between the heating temperatures
during softening and densification and the resulting density profile. For example, the data
do not show whether a pre-heating temperature of 180°C and a roller temperature of
140°C provided a better result than a pre-heating temperature of 130°C and a roller
temperature of 150°C. The data do show however that if heat is not applied in either the
softening or the densification stage, an undesired density profile is obtained.
Figure 4 shows that the feed speed has only a small influence on the density profile, with
a slightly less pronounced density peak at a feed speed of 80 m/min. A feed speed of 20
m/min was found to be a good compromise between process speed and resulting density
profile.
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Figure 2: Influence of feed speed on the density profiles. Sample numbers from left to right are 1, 2, 3, and
4. The upper row of images shows the density profile before densification. The lower row of images shows
the same samples after densification. The values on the axes in each graph are not meant to be read. The
squares show the increased density of the softened wood cells of the samples.

A heating time of 180 s led to density profiles with less pronounced peaks than a heating
time of 90 s. With a longer heating time, the samples were probably softened too deep
into the core, resulting in a flatter density profile. This result is in agreement with the
findings of Rautkari et al. (2011). The results suggest that a short but intense softening
stage will yield the best results.
Calculating the densities from the CT images at various locations within each crosssectional image revealed that the core of the samples with a pronounced density peak was
not compressed at all. The average peak density increase in these samples was between
25% and 40%. Taking into consideration an immediate spring-back of approximately
50%, which can probably be avoided by an additional cooling stage, the potential for a
strong increase in density is high.
Conclusions
The purpose of this project was to study the viability of a high-speed continuous wood
surface densification process on Scots pine boards using roller-pressing equipment. It was
shown that the roller-pressing approach works, even though it was not possible to clearly
relate the outcome to the heating temperatures. However, the results suggest that the
softening/heating time should be rather short, with a high heating temperature rather than
a low heating temperature.
The feed speed only has a small influence on the resulting density profile. Even at high
speeds, which are required to achieve an economically viable process, the roller pressing
approach resulted in a clear density increase close to the surface and an undensified core.
Now that the promising potential of densifying the surface of solid wood with roller
pressing equipment has been shown, further tests will focus on introducing a more
controlled softening stage and on introducing a subsequent cooling stage. Perhaps the
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most crucial issue to tackle in the future will however be the elimination of the setrecovery in as fast a way as the actual densification process.
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Abstract
The hardness of the outer surface of solid wood can be improved by densification, and
this opens up new fields of application for low-density species. So far, surface
densification is carried out in time- and energy-consuming batch processes, and this
means that potential advantages over more expensive hardwood species or nonrenewable materials are lost. One of the crucial problems in all densification processes
is to reduce the moisture-induced set-recovery of the densified wood cells. In a previous
study, a new high-speed continuous surface densification process was introduced, where
the surface of solid Scots pine boards could be densified at speeds of up to 80 m/min by
a roller pressing technique. The aim of the present study was to integrate the roller
pressing technique with different pre- and post-treatment methods to reduce the setrecovery. An aqueous solution of sodium hydroxide was used as a pre-treatment agent
to activate the wood surface prior to densification, and a methacrylate ester monomer
solution was used as an impregnation agent, both before and after densification. After
densification and impregnation, the methacrylate monomers are polymerized by curing
in an oven at 100°C in order to stabilize the compressed wood cells. The results show
that the different treatments had no significant effect on the set-recovery, probably due
to insufficient penetration into the wood material. Future work will focus on improving
the treatment process and integrating all process steps into a fully continuous and
automatic process.
Keywords: compression, sodium hydroxide, methacrylate, impregnation, roller pressing

Introduction
Surface densification of solid wood is a concept that has gained popularity in the past
years. Even though the first studies into this subject originate from the 1960s [1], recent
interest was perhaps triggered by a similarly renewed interest in bulk densification of
wood [2-4]. The densification of wood increases its hardness and abrasion resistance,
and this opens up new fields of use, especially for low-density wood species. Compared
to bulk densification through the whole thickness of a wooden board, surface
densification offers certain advantages. Densifying only a few millimeters deep into the
wood surface reduces the process time, costs and energy consumption, and also
simplifies treatments to eliminate the shape memory effect of the densified wood cells
when they are exposed to moisture. For certain applications, the combination of a hard
surface and a relatively soft core is an asset. In the case of wooden flooring, a surfacedensified board provides a durable surface while maintaining favorable dampening
characteristics.
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Past studies into surface densification of wood were aimed mainly at exploring different
process approaches. Before performing the actual densification in a hot press, Inoue et
al. [5] cut grooves into the wood surface and filled them with water, and subsequently
exposed the surface to microwave radiation to plasticize the surrounding wood cells.
Pizzi et al. [6] used a friction-welding machine to densify two pieces of wood at the
same time, separated by a layer of oil to avoid bonding. A similar approach was adopted
by Rautkari et al. [7], but the vast majority of further studies used a rather simple
surface densification process in a hot press [8]. Usually the press is equipped with a
cooling system to cool the wood below its glass-transition temperature before the press
is opened, and this greatly reduces the springback once the pressure is released. Several
studies were carried out to examine the influence of the press temperature, softening
time, pressing time and level of compression on the resulting wood properties, such as
the density profile tin the direction of compression, the hardness and the set-recovery
[9-11].
The latter is in fact one of the main obstacles in the way of commercialization of
surface-densified wood products, and different approaches to eliminate the set-recovery,
ranging from thermal post-treatment and steam treatments to impregnation with
chemicals have been studied with varying degrees of success. Westin et al. [12]
impregnated the wood with furfuryl alcohol and achieved a reduction of the setrecovery to 17%. Kutnar et al. [13] were able to achieve a reduction to 6% by
densifying wood specimens under saturated steam conditions at 170°C. Similar results
were obtained by Laine et al. [14] after a combined heat and steam post-treatment at
200°C, with process times of several hours. In a recent study, Laine et al. [15] were able
to reduce of the set-recovery to 25% when densifying acetylated radiata pine.
The reported studies clearly show that it is possible to achieve a significant
improvement in several wood properties with surface densification, and to stabilize the
densification effectively, even upon repeated exposure to moisture. However, these
approaches rely on time- and energy-consuming batch processes, and this means that
potential advantages over more expensive wood species or non-renewable materials are
lost. Using fossil-based plastics or applying wood densification processes with a high
energy consumption has an adverse effect on the environment.
For this reason, it is necessary to develop a high-speed surface densification process that
is both cost- and energy-efficient. In a previous study, a continuous roller pressing
approach was adopted to successfully densify the surface of Scots pine boards at a
process speed of up to 80 m/min [16]. The experiment focused, however, only on the
actual densification stage. The plasticization was done in a batch process, while
additional stabilization treatments were completely omitted.
The objective of the present study was to integrate the roller pressing technique with
different pre- and post-treatment methods to reduce the set-recovery. An aqueous
solution of sodium hydroxide was used as a pre-treatment agent to activate the wood
surface prior to densification, and a heat-curing methacrylate ester monomer resin was
used as an impregnation agent either before or after densification.

Materials and Methods
The specimens were cut from locally sourced Scots pine boards with an initial crosssection of 125 mm x 25 mm. The target dimensions before densification and after
conditioning at 20°C and 65% RH in a climate chamber were 900 mm (L) x 40 mm (T)
x 20.5 mm (R). The moisture content (MC) of the specimens was between 14 and 15 %.

2

The specimens were cut so that the densification and chemical treatment were
performed on sapwood cells.
Figure 1 shows an overview of the four-stage process flow, including the chemical
treatments to reduce the set-recovery. Table 1 presents an overview of the treatment
combinations that were tested. Each specimen group consisted of 10 replicates.
The softening of the surface was carried out by putting the specimens on a hot iron slab,
which was kept at a temperature between 140 and 150°C, for 90 s. To assure proper
contact, a cold steel bar was placed on top of the wood specimens. After the softening
stage, the specimens were turned, so that the softened surface was in contact with the
heated roller during the densification stage (Figure 1). The specimens were densified in
the radial direction of the wood with a gap between the rollers of 15 mm. The speed was
20 m/min and the temperature of the heated roller was 150°C. Due to the lack of a
cooling stage, a considerable springback after densification was expected. In order to
mimic a cooling stage, the group DL was fed through additional sets of cold (20°C)
leveling rollers immediately after the main densification stage. These rollers were set to
successively smaller gaps between the rollers, starting with 17.5 mm for the first set,
followed by 16.5, 15.5, and 15.0 mm.

Figure 1 – Overview of the surface densification process. The first process stage was an optional pre-treatment with
either sodium hydroxide or methacrylate (1). Afterwards the wood surface was softened by heating (2). Before
densification, the specimens were turned to be in contact with the heated roller during densification (3). In an optional
post-treatment stage, the specimens were impregnated with methacrylate (4).



Table 1 – Overview of the treatment combinations.
Specimen group
R
D
DH
D-M
DSDSM
DMDL

Pre-treatment
No
No
No
No
Sodium hydroxide
Sodium hydroxide
Methacrylate
No

Plasticization
No
Yes
Yes
Yes
Yes
Yes
Yes
Yes

Densification
No
Yes
Yes
Yes
Yes
Yes
Yes
Yes

Heated roller
No
Yes
No
Yes
Yes
Yes
Yes
Yes

Post-treatment
No
No
No
Methacrylate
No
Methacrylate
No
Leveling rollers

The pre-treatment with sodium hydroxide (Merck 1.06495.0250) was carried out by
brushing an aqueous solution with a concentration of 8% onto the specimen surface
with a paper towel until it was completely wetted. The subsequent process stages were
performed after a waiting time of 20 minutes. Regardless of whether it was applied as a
pre- or post-treatment, the impregnation with methacrylate (TurnTex Woodworks
Cactus Juice Resin) was carried out by soaking the wood surface in a bath with a depth
of approximately 5 mm for 10 minutes at 20°C. For the post-treatment with the
methacrylate resin, the specimens were soaked immediately after densification, in order
to exploit the suction effect caused by the temperature difference between the hot
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specimens and the cold resin. To cure the methacrylate resin after the densification and
treatment process and trigger its polymerization, the respective specimens were placed
in an oven at 100°C for 1 h.
The set-recovery of the specimens was measured after one and two cycles of soaking in
water at 20°C for 24 h, followed by oven-drying at 103°C for 24 h. The set-recovery is
defined as:


          
   
    




Results and Discussion
Figure 2 presents a summary of the results. Even though the distance between the rollers
was set to a target thickness of 15 mm, the actual thickness after densification was about
18 mm for most of the specimens. This is equal to an effective thickness reduction of
approximately 2.5 mm. The large difference between the actual thickness and the target
thickness is the springback of the densified wood cells, mainly due to a lack of cooling
to solidify the softened wood while it remains under pressure. The springback of the
group DL could be reduced with the post-treatment of feeding them through the leveling
rollers after the main densification stage.
At first glance, it appears that the chemical treatments led to a small but significant
reduction of the set-recovery. However, in reality this was not the case. As the initial,
uncompressed thickness of the specimens was measured at an MC of approximately
14%, the oven-dry thickness after wet/dry-cycling will be lower than the initial
thickness, resulting in set-recovery values below 100%, even in the case of full recovery
of the densified wood cells. The fact that the oven-dry thickness after two wet/drycycles is essentially the same for all the specimen groups indicates that this actually
occurred. For this reason, the apparent difference in set-recovery between the specimen
groups is misleading. In reality the chemical treatments had no significant effect on the
set-recovery.

Figure 2 – Set-recovery after one and two wet/dry cycles, oven-dry thickness after two wet/dry cycles, oven-dry
thickness after densification, and the distance between the rollers. The error bars show the standard deviation. The
difference between the red line and the dashed line is the immediate springback caused by the lack of a cooling stage.



Prior to the roller pressing experiment, a small pre-study was carried out using an
ordinary hot press to determine the method and parameters for the chemical treatments.
In this pre-study, the treatment with methacrylate in particular had a significant effect
on the set-recovery. Although the pre-study included only a small number of samples, it
seemed to indicate that the method of densification affects the efficacy of the chemical
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treatment. In contrast to the roller-pressing approach, densification in a hot press
provides continuous contact and pressure throughout the process, in this case for about
90 s. This could have a positive effect on the level of penetration of the methacrylate
resin.

Conclusion
Except for the rather large and expected springback, the roller pressing densification
approach worked well. The achieved thickness reduction was about 2.5 mm for all but
one specimen group. A post-densification between cold rollers led to less springback,
resulting in a thickness reduction of 3 mm.
The chemical treatment with either sodium hydroxide or methacrylate resin, or with a
combination of both, had no significant effect on the set-recovery.
Additional experiments will be carried out to examine whether the densification method
has an effect on the level of penetration of the chemical into the wood. If this were the
case, it would be interesting to test a continuous densification method that also provides
continuous contact for a prolonged period of time, such as a belt press, similar to those
used in the production of MDF boards.
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A new methodology to select hardwood species for wooden products

BENEDIKT NEYSES & DICK SANDBERG
Wood Science and Engineering, Luleå University of Technology, Skelleftå, Sweden

Abstract
In general, only a few wooden species are used or even considered for any given wooden product, even though hundreds of
alternative wood species are available. In many cases, the reason for this is tradition rather than availability, technical or
aesthetic considerations and it can result in endangered species being used to an unnecessarily high degree. The purpose of
this study was to develop a structured, quantifiable, and easy-to-use methodology to identify suitable hardwood species for a
specific product. The methodology combines processes based on quality function deployment and multivariate data analysis
in a three-step workflow, and takes different criteria into consideration. To verify the methodology, it was applied to an
example product: an electric guitar. It was shown that the methodology was easy to use and provided useful and quantifiable
results. Expansion of the underlying wood species data-set will be necessary to improve the performance in the future.

Keywords: House of quality, multivariate data analysis, quality function deployment, product development, wood species

1. Introduction
For many wooden products, only a few species are
ever considered for application. Often the reason
why certain wood species are used and why others
are not is neither explicable nor quantifiable. Decisions are driven by tradition and by the local
availability of wood species, superficial knowledge,
price or trends. Electric guitar manufacturers for
instance, often use species such as alder, maple, or
rosewood because the famous guitar builder Leo
Fender started to do so when he marketed the
Fender Telecaster and Stratocaster models several
decades ago (Fender Musical Instruments
Cooperation 2014). This behaviour is in strong
contrast to the fact that hundreds of wood species
are found all around the world that have at least the
same or even better technical and aesthetic properties as the species selected by Leo Fender (Kribs
1968, InsideWood 2014).
In a preliminary study by Neyses (2014), it was
shown that a group of hardwood species that are
suitable for a specific product can be selected from a
large wood species data-set, based on a set of predetermined wood properties. During this study, the
so-called principal component analysis (PCA), a

multivariate data analysis (MVDA) method, was
applied. With the help of PCA, useful information
from large, correlated, multivariate datasets can be
extracted and visualized (Eriksson et al. 2006, p. 2)
in a way that is not possible with classical statistics.
In addition, PCA is capable of handling noise.
Because wood is a material with correlated properties and a high level of natural variation, it was
suitable for analysis with MVDA (Esbensen et al.
2002). The central principle of PCA is data compression by projection of the multidimensional dataset onto smaller dimensional planes (Eriksson et al.
2006, p. 139) so that the information hidden in the
data-set is easier to overview.
In general, the method developed during the
preliminary study worked well, but it suffered from
two limitations: First, a hasty and erroneous determination of the relevant wood properties would lead
to wrong results, as the success of the method is very
much dependent on correct input data. Because this
step can be difficult to perform correctly, a solution
is needed. Without a structured approach, the
determination of the relevant wood properties is
based only on assumptions. It is not possible to
trace why certain wood properties are relevant and
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others are not. Second, the resulting choice of
potentially suitable wood species was not assessed
further or validated. These two issues can be solved
by embedding the preliminary method in a structured workflow which also covers the determination
of the required wood properties, as well as the
validation of the identified wood species.
Quality function deployment (QFD) is a concept
which relates customer needs to the actual properties
of a product (Hauser and Clausing 1988). The goal
is to ensure that the finished product fulfils those
needs. Over the past years, QFD has become an
established methodology within the field of product
development due to its quantitative and replicable
approach (Prasad 1998). The so-called house of
quality (HOQ) is the central method to achieve the
goals of QFD. It revolves around a correlation
matrix which allows the calculation of various relevant key values and benchmarks regarding the product in question.
The purpose of the present study was to develop a
methodology to select the most suitable hardwood
species for wooden products based on a set of predetermined customer needs. Boundary requirements
are that the methodology should be clearly structured and easy to use, while providing quantifiable
results.
Apart from the economic and technical benefits of
having a method as described above, there are also
benefits from an environmental point of view.
Selecting alternative wood species which are not
commonly used nowadays might help to spread the
demand for wood over more species, thereby supporting the preservation of biodiversity and a sustainable use of the forest resources.

2. Materials and method
The wood selection methodology developed consists
of three steps. Hereafter, the term “tool” is used
instead of method or methodology. The workflow of
the wood selection tool is shown in Figure 1. The
foundation of the tool is a large wood species dataset consisting of 186 wood species which are
represented by many properties described in Section
2.1. A set of pre-determined customer needs and
their importance, as well as the wood properties
contained in the wood species data-set constitute the
input data of the wood selection tool. The customer
needs vary depending on the product. To exemplify
and validate the wood selection tool, an example
case was applied, as described in Section 2.2.
In the following sub-sections, the wood selection
tool as presented in Figure 1 is described in detail.
Step 1: Determination of the relevant wood properties

Figure 1. Workﬂow of the wood selection tool. Colour code for
the individual boxes in the ﬁgure: Input data (white), calculations
(light grey), and results (dark grey).

A simplified and adjusted version of the HOQ
method was used to determine the relevant wood
properties for the product in question. The HOQ is
a quality function deployment method which is used
in product development to ensure that the product
in question fulfils actual customer needs, and to
benchmark the product against competitors. This is
done by correlating customer needs with product
characteristics. Instead of relating the customer
needs to the product characteristics and benchmarking a product concept as in a regular HOQ, this
study was aimed at relating customer needs to the
properties of different wood species, with the purpose of benchmarking these species regarding their
suitability for the product in question.
Table I shows the principle of the correlation
matrix, all numbers in the table being example
values. The customer needs and their relative
importance constitute the input data to the correlation matrix. A four-step system was used to
assess the correlation between the customer needs
and wood properties, a so-called correlation value:
no correlation (0), low correlation (1), moderate
correlation (3), and high correlation (9). This scale
is commonly used for regular HOQ applications
(Schmitt 2014). The relevance of each property is
determined by multiplying each correlation value
with the importance value of the respective customer need. The importance values are given as
percentages. Together, they add up to 100%,
which facilitates their interpretation. The results
of the multiplications are then added column-wise.
The final, normalized results are seen in the
final row.
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Table I. An example of a correlation matrix in step 1 of the wood selection tool.

Customer need 1
Customer need 2
Customer need 3
Relevance of wood properties [%]

Importance value [%]

Property 1

Property 2

Property 3

Property 4

17
66
17

9
3
3
36.5

1
3
1
21.1

0
1
9
19.9

3
3
0
22.6

All numbers in the table are example values. The level of correlation between the customer needs and wood properties is weighted on a scale
including the numbers 0 (no correlation), 1, 3, and 9 (high level of correlation).

Step 2: Selection of the most suitable wood species
The most suitable wood species were identified by
applying principal component analysis (PCA). With
PCA, the data-set was compressed by projection on
two-dimensional planes and calculation of the socalled scores and loadings. The calculations are
performed in a way that maximizes the variance of
the projected data points. The scores are the wood
species of the data-set projected onto a line while the
loadings are the wood properties projected onto a
line. A projection line is called principal component
(PC) (Eriksson et al. 2006, p. 40). The first PC
contains the highest amount of variation. Therefore,
it is the most important one regarding the analysis of
the data. Additional PCs are orthogonal to the
preceding PCs. In many cases, the first 2 PCs are
sufficient to extract usable information from the
underlying data-set. More detailed explanations
regarding multivariate data analysis (MVDA) and
PCA are found in (Eriksson et al. 2006).
Two PCs can be visualized by plotting them onto
a plane, resulting in two dimensional scatter plots of
the scores and loadings. The score and loading plots
were used to perform step 2 of the wood selection
tool. An example is shown in Figure 2. Both plots
are directly related, such that wood species and
properties which are in the same region of the
respective plots are positively correlated with each
other. This is exemplified by the marked areas in
Figure 2. If a wood species is located on the opposite

side of the score plot to a wood property in the
loading plot, a negative correlation prevails. Wood
species which are close to each other in the score
plot have similar properties. Wood properties which
are close to each other in the loading plot are
positively correlated.
The region in the loading plot which represents
the most favourable combination of wood properties
is determined at first. This region depends of course
on which wood properties are important for the
product in question. Its location in the loading plot
therefore varies from case to case. By superimposing
the region in the loading plot onto the score plot
with the projected wood species, potentially suitable
species can be selected. The importance level of the
relevant wood properties from the first step was used
to make trade-off decisions. For example, a low
density and high bending strength can be considered
to be mutually exclusive.
Step 3: Benchmarking of the selected wood species
In the final step of the wood identification tool,
the wood species selected in the previous step were
benchmarked, the main objective being the validation of the selected species. A high benchmarking
score of a previously selected wood species would be
a strong indicator of the suitability of the studied
species. The Venn diagram in Figure 3 illustrates
this. The PCA circle represents the wood species
selected in step 2 while the benchmarking circle
represents the wood species with the highest scores

Figure 2. An example of PCA score and loading plots. Both plots are used in combination to identify the most important correlation
patterns and interactions within the underlying data-set. PC, principal component.
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Figure 3. Venn diagram to illustration the validation of the PCA
results through benchmarking. It is desired that the wood species
selected with PCA also reach a high benchmark score. Ideally,
both circles would overlap entirely.

in step 3. Ideally, both circles would overlap entirely
meaning that all selected wood species also reached
the highest benchmarks.
The benchmarking was performed with the matrix
system exemplified in Table II. As in the first step,
the benchmarking calculation was based on the
HOQ (house of quality). The input data consisted
of the wood species with their respective property
values, and of the wood properties with their relevance values. The calculating principle was similar
that used in the first step of the wood selection tool.
To take into account different magnitudes
between the wood properties, the property values of
all species were normalized based on the minimum
and maximum values across the data-set as seen in
Table II. To determine the benchmark score for
each wood species, each normalized property value
was multiplied with the relative relevance of that
wood property.

Most of the data were collected from an online
Wood database and the Holzatlas (Wagenführ 2000,
Meier 2014). The sources of the data in the online
wood database were not entirely retraceable. Nevertheless, many values for certain species could be
verified by the Holzatlas, indicating that the online
wood database contains plausible data. The Holzatlas was also used as the source of the chemical
properties. The Inside wood database (InsideWood
2014) in combination with the IAWA hardwood
feature list (Wheeler et al. 1989) and the Holzatlas
were used to collect the anatomical properties.

2.2. The example case
To exemplify and validate the functionality and
capabilities of the wood selection tool, the electric
guitar was chosen. A typical electric guitar is shown
in Figure 4.
The customer needs were collected via a websurvey, carried out through a questionnaire in which
265 respondents graded 40 potentially important
needs on a scale from 1 (not wanted) to 5 (very
important). A grade of 3 meant neutrality. Many of
the needs were not related to the material properties
and were therefore neglected. Examples are the body
shape or the type of joint between the body and the
neck. The remaining customer needs with their
average grading are shown in Table IV.
The already existing knowledge about electric
guitars was used to validate the wood selection
tool. The results were compared to eight reference
wood species which are commonly used in the guitar
manufacturing industry:

2.1. The wood species data-set
The data-set used as the foundation of the wood
selection tool consists of 186 hardwood species from
all around the world. Softwood species were not
considered in this study. The only selection criterion
was the availability of sufficient data. The wood
species are represented by 29 properties, listed in
Table III. In the future it is planned to expand the
data-set as more data is found.

. Alder: A common choice for guitar bodies in all
price ranges.
. Basswood: A common choice for guitar bodies
in all price ranges.
. Limba: An Insider’s tip according to several
guitar builders. Some people call it ‘SuperMahogany’ (Hernandez 2008).
. Mahogany: Mainly used on guitars of the
Gibson Company and related models.

Table II. Basic benchmarking matrix example.

Relative relevance [%]
Wood species 1
Wood species 2
Wood species 3
Wood species 4

Wood property 1

Wood property 2

Wood property 3

Wood property 4

Normalized benchmark

36.5
5
4
2
4

21.1
3
2
5
1

19.9
3
5
2
2

22.6
4
3
1
3

31.2
28.1
19.0
21.6

The final benchmarks are calculated by multiplying each normalized wood property value with its respective relative relevance. The final
benchmark score is marked by the dark grey field.
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Table III. Wood properties of the wood species data-set.
Name of variable

Unit/scale

Description of variable

Origin
Vulnerability
Density
Vessel d (e)
Vessel d (l)
Vessel length
Pore arrangement
Vessel groupings
Vessels/mm²
Percentage of vessels
Texture
Fibre direction
Fibre wall
Fibre wall thickness
Fibre lumen d
Fibre length
Percentage of fibres
Thickness/lumen
Percentage of cellulose
Percentage of lignin
MOR
MOE
Hardness
Comp II
Movement T
Movement R
Movement V
T/R ratio
Workability
Availability

Continent
Yes or No
kg/m³
μm
μm
μm
1-3
1-3
1
%
1-3
1-3
1-3
μm
μm
μm
%
1
%
%
MPa
GPa
N
MPa
%
%
%
1
1-3
1-3

The continent where the species is mainly found
Is the wood species threatened, endangered or close to it?
Density at 12% moisture content
Average vessel diameter of the earlywood
Average vessel diameter of the latewood
Average vessel length
1 = ring-porous; 2 = semi-ring-porous; 3 = diffuse-porous
1 = vessels solitary; 2 = vessels in radial multiples; 3 = vessels in clusters common
Average number of vessels per mm²
Percentage of vessels of all cell types
1 = fine and even grain; 2 = medium grain; 3 = coarse grain
1 = mainly wavy or interlocked; 2 = straight, wavy or interlocked; 3 = mainly straight
Average thickness of the fibre wall (qualitative); 1 = thin, 2 = medium, 3 = thick
Average thickness of the fibre wall x 2
Average diameter of the fibre lumen
Average length of the fibres
Percentage of fibres of all cell types
Ratio of “Fibre wall thickness” to “Fibre lumen d”
Average percentage of cellulose of all chemical compounds found in the specie
Average percentage of lignin of all chemical compounds in the specie
Average modulus of rupture parallel to the grain
Average modulus of elasticity parallel to the grain
Average Janka hardness
Average compression strength parallel to the grain
Swelling/shrinkage in tangential direction between fibre saturation point and MC=0
Swelling/shrinkage in radial direction between fibre saturation point and MC=0
Volumetric swelling/shrinkage between fibre saturation point and MC=0
Ratio between the variables “Movement T“ and “Movement R”
1 = difficult to process; 2 = medium difficulty to process; 3 = easy to process
1 = low availability; 2 = medium availability; 3 = high availability

All wood properties refer to hardwood species. Softwood species were not considered in this study.

. Maple: Arguably the most popular species for
electric guitar necks. Also used for guitar bodies.
. Poplar: A common choice for low- to mediumpriced guitars.
. Rosewood: Arguably the most popular species
for guitar fretboards.
. Walnut: A common choice for guitars in the
upper price range.

selection tool to the example case described in
Section 2.2.
Step 1: Determination of the relevant wood properties
Applying the HOQ-based correlation matrix to the
example case resulted in six relevant wood properties
as shown in Table V, where results from the
Table IV. Customer needs regarding electric guitars.

3. Results
In the following sections, the results are presented
according to the three steps of the wood selection
tool. The results are based on applying the wood

Figure 4. Fender Telecaster electric guitar (Musicians Friend
Inc. 2014).

Customer need
Good balance in playing
position
Insensitivity to climate
changes
Guitar is ergonomic
High robustness
Spectacular grain appearance
Low weight
Thin neck profile
Used wood species not
endangered

Importance

Relative
importance (%)

4.2

14.8

3.7

13.1

3.7
3.5
3.4
3.3
3.3
3.2

13.1
12.4
12.0
11.7
11.7
11.3

All relevant needs were graded on a scale from 1 (not wanted) to 5
(very important). The final column shows the normalized relative
importance in %.
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Table V. Relevant wood properties of the example case.
Wood property
Average density at 12% MC
Modulus of elasticity
Movement related variables
Availability
Vulnerability
Janka hardness

Relative importance (%)

Preferred manifestation of the property

19.2
8.6
7.9
6.9
6.9
6.8

Minimum
Maximum
Minimum
Maximum
Minimum
Maximum

The results of the correlation are shown as the relative importance in column two. The final column shows whether a certain property is
desired to be maximized or minimized. MC, moisture content.

correlation matrix are listed according to their
relative importance in column two. The input to
the correlation matrix were the customer needs,
weighted after importance. The specific values are
found in Table IV. The final column in Table V
indicates whether the property is desired to be
maximized or minimized.
The density was the most important property,
followed by the modulus of elasticity (MOE) and the
movement-related variables which were treated as
one. Availability and hardness were less important
but were nevertheless considered in the following
steps using the wood selection tool. The vulnerability was not considered because this aspect does not
seem to play a significant role in the guitar industry.
Although it is an important aspect it would disturb
the comparison between the identified species and
the reference species.
Step 2: Selection of the most suitable wood species
The loading and score plots of the PCA are shown
in the Figures 5 and 6. The most relevant wood
properties are marked by the circles 1, 2, and 3. Both
density and movement are desired to be low,
meaning that a negative correlation is wanted. This

is indicated by the arrows towards the opposite side
of the plot. The MOE is desired to be high. A tradeoff decision was necessary. Hence, circle 4 indicates
the region with the greatest possibility of containing
suitable wood species. It provided the best compromise between a low density, moderate MOE, and
low movement. The region in the loading plot was
superimposed upon the score plot, where the suitable wood species were selected. The output from
step 2 was 13 species which exhibit potentially
suitable properties for electric guitars:
.
.
.
.
.
.
.
.
.
.
.

Avodire
Canarywood
Coffeetree
European walnut
Honduran mahogany
Hububalli
Limba
Mango
Movingui
Mulberry
Pyinma

Figure 5. Loading plot of the PCA model – PC1 (horizontal) vs. PC2 (vertical): The most relevant wood properties are marked by the
circles 1, 2, and 3. Circle 4 indicates the region with the greatest possibility of containing suitable wood species.
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Figure 6. Score plot of the PCA model – PC1 (horizontal) vs. PC2 (vertical): Coloured after vulnerability: Not vulnerable (dark dots),
vulnerable (light dots). Circle 4 was superimposed from the loading plot and indicates the region with the greatest possibility of containing
suitable wood species.

. Teak
. White meranti
Step 3: Benchmarking of the selected wood species
In the final stage of the wood selection tool, the
selected wood species and the reference species were
benchmarked. Table VI shows that the benchmark
score of hububalli wood, the species with the worst
result of the identified species, was about 30% lower
than the score of poplar. All the species which
reached around 85% or higher of the top score
(poplar) were considered to be suitable for electric
guitars. This threshold percentage is arbitrary and
can be chosen depending on the particular situation.
Eight species in Table VI, from hard maple to
poplar, reached 85% or more of the maximum
score. Based on the benchmarking scores, five of
the eight reference species were ranked in the top 10.
4. Discussion
Applying the wood selection tool to the test example
provided promising results in terms of usability of
the tool. Running all three steps in the workflow
(Figure 1) took about 30 minutes. Roughly half of
this time was spent on the determination of the
relevant wood properties. Even for inexperienced
users, it should be possible to apply the tool and
obtain useful results because the whole process can

be easily followed. The thorough determination of
the relevant wood properties is however crucial to
the successful application of the tool.
Performing step 2 of the wood selection tool
revealed that it was possible to use the tool in two
ways. The first option was to use printouts of the
score and loading plots of the PCA model. The
second option was to keep the tool digital and use it
within the software package. On the one hand, by
using printouts, suitable wood species could be
selected more quickly, because physical printouts
are more responsive to user interaction than a
computer screen. On the other hand, using the
software to its full potential was found to be more
accurate. By colouring the score plot after certain
properties, the results could be analysed in more
detail. There are additional parameters and plots
which allow for a deeper analysis, too.
Managing necessary trade-offs between different
wood species was perhaps the main strength of
applying PCA, because important correlations and
interactions between wood species and properties
were visualized in two cohesive plots. Depending on
the direction in which the compromise should go,
the target area could be shifted in one way or
another. A drawback was the uncertainty of the
created PCA model. For example, the variable
‘availability’ was poorly modelled. Probably it is
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Table VI. Benchmark scores of the wood species.
Wood species from step 2
Poplar
European lime
Limba
Honduran mahogany
Yellowheart
Basswood
Butternut
Mango
Red Alder
Cucumbertree
White meranti
Avodire
Canarywood
Teak
European walnut
Hard Maple
Movingui
Brazilian rosewood
Pyinma
Mulberry
Coffeetree
Hububalli

Benchmark score

Rank

R = Reference, S = Selected with PCA

314
303
301
300
299
298
298
297
296
295
288
275
272
268
266
265
260
254
253
231
229
229

1
2
3
4
5
6
7
8
9
10
18
34
40
47
54
55
66
82
86
136
139
142

R
RS
RS
R
S
R
S
S
S
S
RS
R
S
R
S
S
S
S

The top 10 ranked species and all the remaining reference and selected species are shown together with their respective scores and rankings.
The final column shows which species are reference and/or PCA selected species.

relatively independent from most other variables
since it is not an inherent property of wood.
The results of the benchmarking process were in
line with the uncertainty of the PCA modelling.
Several of the selected wood species reached only
low benchmarking scores. False identifications were
probably caused by poor modelling of certain variables. Since the benchmarking system was based
purely on specific values without data compression,
it could be used to validate the wood species which
were selected with the help of PCA.
Most reference species reached a high score,
suggesting that the tool is capable of providing
plausible and useful results. For example limba,
which is seen as an insider’s tip in the guitar builder
scene, reached the third highest score of all the
species in the data-set. A closer analysis of the dataset revealed that limba is an all-around suitable
species with regard to relevant wood properties.
Species such as mahogany or poplar were also
confirmed by the wood selection tool. European
lime, the highest rated non-reference species exhibits
all-round qualities similar to those of limba.
It can be argued that the second step of the wood
selection tool is superfluous because the benchmark
scores can be calculated anyway, but this thinking
neglects the responsiveness of the score and loading
plots which greatly enhances the practical usability of
the tool. The best results were achieved by applying
all the steps of the workflow while utilizing the

printout version of the PCA plots instead of the
software solution. This procedure provided the best
compromise between accuracy, speed, and ease-ofuse. For very small projects or businesses without a
dedicated product development team, especially
those who produce customized products and have
close customer relationships, using the printout PCA
approach alone might be the best solution.

5. Conclusions
The main conclusions drawn from the results are:
. The wood selection tool provided promising
results for the test example. Commonly used
species were confirmed and new alternatives
found. The results were quantifiable and were
obtained quickly. The reason why certain species were selected as suitable could be traced.
As long as the customer needs are covered by
the wood properties in the data-set, the tool
should work for any given wooden product.
. Because of its strict structure, the whole workflow of the wood selection tool could be
followed like a cooking recipe. Inexperienced
users should also be able to apply the tool and
obtain useful results.
. The greatest drawback of the PCA was the
uncertainty in the results due to poor modelling
of several variables. The benchmarking was
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found to be useful as a validation step and to
detect false selections. By increasing the size of
the data-set, in terms of both additional species
and additional properties, this drawback can be
reduced.
. Using PCA facilitated trade-off decision
between mutually exclusive wood properties.
Because of the data compression onto two plots,
the tool was responsive and contradictory correlations could be handled quickly. In addition,
it helped to reveal a better understanding of
how the properties of wood interact with each
other.
Future work will focus on expanding the data-set to
increase the choice of wood species, and to
strengthen the correlations for the MVDA modelling. Apart from adding regular wood species,
engineered wood might also be added, for example
glued-laminated-timber or compressed wood.
Disclosure statement
No potential conflict of interest was reported by the
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Application of a New Method to Select the Most Suitable Wood
Species for Surface Densification

Benedikt Neyses1, Dick Sandberg2

ABSTRACT: Surface densification improves many properties of solid wood, and opens up new applications for
low-density species e.g. flooring or wooden structures, and adds value to these species. Research into the surface
densification of wood has been focused mainly on Scots pine, Norway spruce, aspen and poplar. In order to
propagate the use of surface densification techniques, it is necessary to find more wood species that have a
particularly high potential for an increase in value through such a treatment.
The purpose of this study was to select wood species which are suitable for surface densification and for use in a
specific product, by applying a systematic and quantifiable selection method. The method that was presented in
detail in an earlier work, is designed around a workflow consisting of multiple stages, takes into account
weighted selection criteria and provides a quantified ranking of the most suitable species.
The results suggest that several species such as alder, basswood, cedar, and obeche that have not previously been
considered for surface densification may be suitable candidates. Aspen, poplar and pine were confirmed as
suitable, being among the top species in the ranking.
KEYWORDS: Multivariate Data Analysis, House of quality, product development, Quality Function
Deployment, wood

1 INTRODUCTION 1 23
Surface densification increases the hardness, bending
strength, stiffness and surface abrasion resistance of solid
wood, and the improvement of these properties increases
the value of the wood, opening up new fields of
application for low-density wood species, such as high
quality wood flooring or specialty components for
construction.
Research into the surface densification of wood has mainly
focused on the densification process itself, testing different
approaches or optimizing the parameters of the
densification process. Rautkari carried out extensive
studies into different methods to densify the surface of
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solid wood [1]. Even though a surface densification
method that used friction was studied [2], most researchers
densified wood in a non-continuous hot press. Laine
studied the effect of the process parameters on the density
profile and surface hardness [3] and other researchers
showed that it is possible to reduce the moisture-induced
set-recovery of the densified wood by adding a
hydrothermal post-treatment stage [4-5].
Other studies investigated the moisture-related properties
of surface-densified wood. Kutnar and co-workers [6]
compared the wetting properties of densified and nondensified wood by contact angle measurements and
calculations of the surface free energy.
Even though the literature contains many publications
about surface densification, or the densification of wood in
general, the variety of densified wood species is rather
low. The majority of the studies focused on common lowdensity wood species such as Scots pine or Norway spruce.
Other studies tested surface densification on aspen, poplar,
or Douglas fir [7-10]. Although it is not a low-density
species, densified beech was the subject of many studies,
in some cases as densified veneer rather than as solid wood
[11-15]. In order to propagate the use of surface
densification techniques, it is necessary to find more wood

species which have a particularly high potential for an
increase in value through such a treatment. However, it
appears that studies focusing on this subject simply do not
exist.
In a previous study by Neyses et al., a new approach was
presented for the selection of suitable wood species for
wooden products in a systematic and quantifiable manner
[16]. The approach combines quality function deployment
(QFD) and multivariate data analysis (MVDA) methods in
a step-wise process that assesses the suitability of a variety
of wood species with regard to the requirements of a
specific product.
The objective of the present study was to adopt this wood
species selection method to identify those hardwood and
softwood species which are the most suitable for surface
densification from a technological and economic
perspective, and to evaluate in a quantitative way how the
well-established wood species for surface densification
perform.

Figure 1: Workflow of the wood species selection method

2 MATERIALS AND METHOD
The wood species selection method consists of several
steps: (1) determination of the relevant product/process
requirements, (2) determining which wood properties are
relevant with regard to the requirements, (3) preliminary
selection of wood species that fit the relevant wood
properties, and (4) benchmark scoring of the wood species
to obtain a quantifiable ranking of the most suitable wood
species, (Figure 1).
The second and fourth steps of the method are based on the
so-called house-of-quality (HOQ) approach presented by
Hauser and Clausing [17]. Technically, the third step is not
necessary to obtain the benchmark ranking of the most
suitable wood species. However, it shows the interactions
between the relevant wood properties in a graphical way
that makes it easier to understand why certain wood
species reached a higher benchmark score than others. The
benchmarking of the wood species is based on a large
wood species dataset, containing the properties of 100
wood species. The specific values were taken from the
literature.

In the following sections, the procedure for selecting the
most suitable wood species for surface densification will
be outlined in detail. Neyses et al. [16] presents the full
description of the method.
2.1 WOOD SPECIES DATASET

0 = no correlation), and the average of the two scales were
used.
2.4 PRELIMINARY DETERMINATION OF
SUITABLE WOOD SPECIES WITH
PRINCIPAL COMPONENT ANALYSIS

The original wood species dataset used for the wood
species selection method presented by Neyses et al.
consisted only of hardwood species [16]. However, in the
present study the goal was to select both hardwood and
softwood species, and different wood properties than those
found in the original dataset needed to be included.
For this reason, a new dataset was created for this study
consisting of 100 commercially available hardwood and
softwood species, represented by 22 properties. The data
were taken from the Holzatlas by Rudi Wagenführ and
from an online wood database [18, 19]. The data are based
on average values for each species (Table 1). It was only
possible to acquire data about the compressive strength
parallel to the grain, even though the compressive strength
perpendicular to the grain should be more relevant as it is
the preferred direction of densification. The scales of all
qualitative properties, such as “Texture”, “Availability”, or
“Price”, were assigned so that a high value indicates a
favourable manifestation of the property. Hence, a lowpriced wood species receives a high value for the price
property.
2.2 DETERMINATION OF THE MOST
RELEVANT PROCESS REQUIREMENTS

The third step of the wood species selection method has no
influence on the final benchmark score. It is however
useful to understand the interaction between the wood
properties and to obtain a quick overview of those wood
species which are potentially suitable for surface
densification. This is achieved by performing a principal
component analysis (PCA) on the wood species dataset
and visualizing the scores and loadings via twodimensional scatter plots. Superimposing the loading and
score plots makes it possible to detect wood species that
have favourable properties with regard to the surface
densification process. The graphical presentation of the
PCA data supports the understanding of how certain
species reached their final score.
2.5 BENCHMARK SCORING AND RANKING OF
THE WOOD SPECIES

In the first step, ten possibly relevant process requirements
were determined through brainstorming. To assess the
relative importance of each requirement, the so-called
analytical hierarchy process (AHP) was applied. It consists
of a matrix in which the importance of each requirement is
assessed in comparison with every other requirement [20].
Different scales can be used to assess whether a certain
requirement is more important to the densification process
than another, and these can yield somewhat different
results. For this reason, the AHP method was applied using
a simple three-step scale (0, 1, 2), and a more complex
seven-step scale (0.2, 0.33, 0.5, 1, 2, 3, 5). The final
relative importance of each requirement was determined by
calculating the average of the results from both assessment
scales.
2.3 DETERMINATION OF THE MOST
RELEVANT WOOD PROPERTIES
To determine the relevance of the wood properties, a
correlation matrix as used in the well-established HOQ
method was applied. With the help of a matrix, it is
possible to assess how a certain wood property affects a
certain process requirement. The assessment is made for
all combinations of wood properties and process
requirements. Countless different assessment scales can be
used. In this study, a simple two-step scale (1= correlation
or 0 = no correlation), a progressive scale (9 = strong
correlation, 3 = moderate correlation, 1 = weak correlation,

To rank the wood species in a quantifiable manner
according to their suitability for surface densification, a
HOQ-based matrix system was used, as shown in Table 2.
The properties of each species are normalized on a scale
from 0 to 10. The minimum and maximum values of a
certain property found among the species in the dataset are
set to 0 and 10, respectively. The values of the other
species for that property are adjusted accordingly. To
calculate the final score, each normalized property value is
multiplied by the importance of that property, and then
added up row-wise. For example, the score of species A in
Table 2 is calculated as: 9 x 20 + 6 x 10 + 2 x 30 + 5 x 40
= 500. After all scores have been calculated, the final
ranking can be determined: the higher the score, the higher
the final rank. The final scores were normalized, so that the
highest scoring wood species had a score of 100.
Missing data for certain wood properties and wood species
were assigned the lowest value found in the dataset for that
property.

Table 1: Overview of the properties by which the wood species are presented in the dataset
Property

Unit/scale

Description

Origin

Continent

The continent on which the species is most frequently grown.

Vulnerability

Yes or No

Wood species that are vulnerable, endangered or close to extinction

3

Density

kg/m

Average dry density

Log diameter min

mm

Average minimum diameter of a harvested log

Log diameter max

mm

Average maximum diameter of a harvested log

Ratio max/min diameter

1

Block size

Ratio of the “Log diameter max” to the “Log diameter min”

mm

Average size of rectangular blocks/boards that are commercially available

Lignin content

%

Average percentage lignin content

Fibre orientation

1-5

1 = mostly irregular grain, 5 = generally straight grain

Texture

1-3

1 = coarse texture with open pores, 3 = fine texture

Pore arrangement

1-3

1 = ring porous, 3 = diffuse porous

Early-/latewood border

1-4

1 = distinct, 4 = invisible

N

Average Janka hardness

Hardness

3

Hardness/density

Nm /kg

Compressive strength

“Hardness” divided by “Density”

MPa

Average compressive strength parallel to the grain

Movement V

%

Average volumetric shrinkage between fibre saturation point and MC=0%

Movement T/R

1

Ratio of the shrinkage in the tangential to that in the radial direction
between the fibre saturation point and MC = 0%

Drying properties

1-3

1 = difficult to dry, 3 = easy to dry

Surface treatment

1-3

1 = difficult to paint, stain, dye, etc., 3 = Easy to paint, stain, dye, etc.

Impregnation

1-3

1 = impossible to impregnate, 3 = easy to impregnate

Availability

1-4

1 = almost not available at all, 4 = regular availability in large quantities

Price

1-3

1 = expensive, 3 = cheap

Table 2: Example of a benchmarking matrix. The properties of each species are normalized to a scale from 0 to 10. To
calculate the final score, each normalized property value is multiplied with the importance of the respective property, and
then added row-wise
Property 1

Property 2

Property 3

Property 4

Importance of
property [%]

20

10

30

40

Species A

9

6

2

Species B

6

7

Species C

3

5

Score

Rank

5

500

3

10

1

530

2

7

8

640

1

3 RESULTS
100 commercially available hardwood and softwood
species were assessed according to their suitability for
surface densification. In the following sections, the results
from each step of the wood species selection method are
presented.
3.1 DETERMINATION OF THE MOST
RELEVANT PROCESS REQUIREMENTS
Table 3 shows the relative importance of the process
requirements after brainstorming and application of the
AHP method. The requirement of low material acquisition
costs is the only one exhibiting a large difference between
the two assessment scales used. For all other requirements,
the two assessment scales yielded only slightly different
results.
3.2 DETERMINATION OF THE MOST
RELEVANT WOOD PROPERTIES
Table 4 shows the relative importance of the seven most
important wood properties. In the case of “Vulnerability”,
“Density”, “Lignin content”, “Hardness/density”, and
“Price”, the two assessment scales gave significantly
different results. For this reason, it was decided to run the
benchmarking procedure with both scales and to average
the scales. Because of its low importance and incomplete
data, the property “Block size” was excluded from the
calculation. The property “Hardness” was also excluded as
it would yield misleading scores during the benchmark
calculations. Instead, the ratio of hardness to density is
more relevant.
3.3 PRELIMINARY DETERMINATION OF
SUITABLE WOOD SPECIES WITH
PRINCIPAL COMPONENT ANALYSIS
Figures 2 and 3 show the loading and score scatter plots of
a simplified PCA model that excludes several wood
properties that have a low importance. The model has a R2
value of 0.533 and a Q2 value of 0.251, meaning that it is
of low quality and high uncertainty. However, the density,
strength properties, price, availability and lignin content
are modelled rather well with R2 and Q2 values of more
than 0.5.

The strength-related properties are strongly correlated to
the density, whereas “Price” and “Availability” are
inversely correlated to the density. Hence, potentially
suitable wood species are most likely located in the lefthand half of the score plot with a tendency towards the
lower quadrant.
3.4 BENCHMARK RANKING OF THE WOOD
SPECIES
The benchmark scoring was done several times in order to
evaluate how the two different wood property assessment
scales affect the final benchmark score (Table 5). With the
average of the two scales, three runs of benchmark scoring
were carried out initially. Additional scoring runs were
carried out with the properties “impregnation” and
“vulnerability” excluded. The former was excluded
because of largely incomplete data, and the latter because
it may have a strong effect on the final score without
actually affecting the densification process from a
technological and economic perspective. The simple
assessment scale was misleading in a few cases, as weak
correlations between certain requirements and wood
properties have the same weight as very strong
correlations. For this reason, this simple assessment scale
was not considered for the scoring runs with excluded
wood properties. Figure 4 shows an overview of the
benchmark scores for some of the most suitable and most
common wood species for surface densification of the six
scoring runs.
Red alder had a perfect score in all the scoring runs, being
ranked number 1 regardless of the assessment scale or the
exclusion of wood properties. A comparison of the first
three and last three scoring runs and an examination of the
raw data show that the largely missing data of the property
“Impregnation” has a strong effect on the final score. Some
of the species that were used in previous studies into
densification, such as beech or spruce reached rather low
scores compared to the top-scoring species, such as red
alder, incense cedar, and Scots pine.

Table 2: Relative importance of the surface densification process requirements. Percentages greater than 10% indicate at
least a moderate importance of the requirement
Relative
importance, twostep scale [%]

Requirement

Relative
importance, sevenstep scale [%]

Relative importance,
average of the two
scales [%]

High densification potential

15

16

16

High potential for hardness increase

15

17

16

High material consistency within species

2

4

3

High material homogeneity within one piece of wood

4

5

5

Low acquisition costs

14

9

11

Material easy to acquire

7

7

7

High shape stability in changing climate conditions

4

3

3

Low environmental impact when using the material

15

17

16

High potential for plastic deformability

15

14

15

Easy to stabilize the compressed wood cells

9

9

8

Table 3: Relative importance of the seven most relevant wood properties
Relative importance, simple
scale [%]

Relative importance,
progressive scale [%]

Relative importance, average of
the two scales [%]

(Low) Vulnerability

12

7

9

(Low) Density

24

14

19

(High) Lignin content

6

10

8

(High) Hardness/density

8

14

11

(Easy) Impregnation

7

5

6

(High) Availability

8

9

9

(Low) Price

8

5

7

Wood property

Table 4: Overview of the benchmark scoring runs. The lowest score of all the wood species gives an indication of the
variation within the benchmark scores. The lower the value, the higher/better the spread

Benchmark scoring run

Wood property
assessment scale

Excluded wood properties

Lowest score of all wood
species

1

Average of the two scales

-

46

2

Simple scale

-

54

3

Progressive Scale

-

38

4

Average of the two scales

Impregnation

50

5

Average of the two scales

Impregnation, Vulnerability

59

6

Progressive Scale

Impregnation, Vulnerability

51

Figure 2: Two-dimensional loading scatter plot of a simplified principal component analysis (PCA) model with several wood
properties excluded. Wood properties close to each other are strongly correlated

Figure 3: Two-dimensional score scatter plot of a simplified principal component analysis (PCA) model with several wood
3
properties excluded. The wood species are coloured after density. Blue dots indicate a density of 550 kg/m or less, and red
3
dots a density greater than 500 kg/m
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Figure 4: Benchmark scores of some of the most suitable wood species for surface densification for the tested benchmark
scoring runs listed in Table 5

4 DISCUSSION
The assessment of the suitability of hardwood and
softwood species for surface densification yielded
moderately robust results. With one exception, the two
scales used to determine the importance of the process
requirements provided almost identical results. Even
though the impact of different assessment scales on the
importance of the wood properties was strong, the final
benchmark scores were not affected as severely. Red alder
reached the highest score during all scoring runs. Other
species such as Scots pine, cedar, and aspen reached
different ranking positions in different scoring runs, but
were always among the top scoring species. An
examination of the raw data in the wood species dataset
revealed that the top ranking species scored consistently
well for the most important properties and had at least
moderately good scores for all other properties. Several
exotic species, such as Avodire suffered from their
vulnerability. Once this property was excluded, these
species reached significantly higher scores.
Some species, which were used for surface densification in
previous studies, scored moderately well, but perhaps not
as high as expected. Examples are beech and spruce.
Especially in the case of spruce, this may seem to be
surprising. An examination of the raw data reveals that the
species has a low ratio of hardness to density and a low
lignin content. Beech suffers mainly from its high density.
Several top-scoring species, such as alder, cedar and
basswood, cannot be found in the literature in the context
of surface densification.
An examination of the effect of the wood property
assessment scales on the final ranking of the wood species
showed that the progressive scale results in a larger spread
of the benchmark scores than the simple scale. Generally, a
wide spread of the scores is desired to establish a clear
ranking of the wood species. However, wrong assessments
of the wood properties with the progressive scale have a
greater chance of leading to misleading benchmark scores.
The simple scale has the problem that is favourer weak
correlations between the wood properties and process
requirements and may misrepresent reality. A wood
property that is weakly correlated to many requirements
achieves a greater importance than a wood property with
strong correlations to only a few requirements. For this
reason a best of both worlds approach was chosen by
calculating the final benchmark score from the average
results from the two wood property assessment scales.
The most difficult part of the wood species selection
process was deciding how to handle some of the wood
properties. The property “Impregnation” was moderately
important according to the wood property assessment, but
data was missing for many wood species. As species with
missing data were assigned the lowest value found in the
dataset for that property, the final benchmark ranking did
not accurately represent reality. Collecting the missing data
from other sources can resolve the issue in the future.

The property “Vulnerability” was also problematic. On the
one hand, it is fairly important, and is generally an
important aspect to consider in the world we live in. On the
other hand, it has no impact on the process and the
resulting product, either from a technological, or from an
economic perspective. One can argue that even vulnerable
or threatened wood species can be used legitimately if care
is taken to ensure that the wood is harvested in a
sustainable way. For this reason, two scoring runs were
executed after excluding the property from the dataset.
Using PCA to make a preliminary selection of potentially
suitable wood species was almost superfluous, due to the
rather low quality of the PCA model. Nevertheless, it was
valuable to show that a low price and high availability are
inversely correlated to the strength properties.

5 CONCLUSIONS
The objective of this study was to find new species which
are suitable for surface densification and the resulting
products, and to evaluate the suitability of well-established
species in this context. Based on the result of the wood
species selection method, the following conclusions can be
drawn:










All of the well-established wood species for surface
densification achieved a fairly high score, confirming
their general suitability. However, beech and spruce
were outside the top-ten scoring species.
Several alternative wood species, some of them easily
available in the developed parts of the world, reached
high benchmark scores, suggesting their suitability
for surface densification.
Throughout the wood species selection method,
several scale-based assessments are carried out. To
increase the robustness of the results, it is necessary
to examine the impact of different assessment scales
on the final results.
The PCA-based preliminary selection of wood
species should be viewed as a supplementary but nonessential step in the wood species selection method.
The whole approach presented in this study can be
improved by adding more data to the wood species
dataset, both by filling in missing data and by adding
more wood species.
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