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“You will be told that you are doing the wrong thing 
and dooming yourself to a life of mediocrity as a jack of 

many trades, master of none – but in fact, the problem is 
that the master of one trade is the connector of none.” 

Eric R. Weinstein 
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ABSTRACT 

Surface densification of a piece of solid wood results in an increase in 
density and in hardness in the whole or a part of  the densified material, 
and is one of the ways of improving the properties and value of low-density 
wood species. Despite efforts for many years, mass commercialisation of 
either bulk- or surface-densified wood products has not yet been achieved. 
Most of the previously tested densification methods have limitations in 
terms of processing speed and integration into the largely continuous 
wood processing chain, which leads to high production costs. Established 
methods to eliminate the set-recovery rely either on technologically 
complex close-system methods or on open-system methods that require 
relatively long periods of high energy input. For this reason, impregnation 
with adhesives is used in almost all commercially available densified wood 
products, and none of them have risen above their status of being niche 
products. 

Based on this background, three objectives for this project were 
formulated: (1) the development of a method for selecting the most suitable 
wood species for surface densification, (2) showing that surface 
densification can be carried out in a continuous manner at high process 
speeds, (3) and researching a fast open-system method to reduce the set-
recovery. 

The method developed for selecting the most suitable wood species for 
surface densification was based on Lean principles, and it confirmed the 
suitability of previously studied wood species, such as Scots pine, spruce 
and poplar. In addition, several suitable alternatives from different parts 
of the world and from different types of forest were identified. This 
suggests a high potential for establishing such wood products on a global 
market level. 

Two studies using a continuous roller press showed that solid wood can be 
successfully surface-densified at process speeds of up to 80 m min-1, and 
that some defects, such as knots, are acceptable in the raw material, but 
the problem of set-recovery could not however be solved.  

A screening experiment testing different open-system approaches to 
reduce the set-recovery highlighted the potential of a novel method using 
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ionic liquids as a plasticiser prior to the surface densification of solid Scots 
pine. The set-recovery could be reduced to 10%, with the time of high 
energy input being less than 10 minutes. The Brinell hardness was 
increased by a factor of 2.7 over that of undensified wood. A study with 
thermo-gravimetric analysis and digital image correlation showed that the 
set-recovery almost exclusively happens in the transition zone between the 
densified and undensified wood cells, where there is less penetration of the 
ionic liquids. 

The work accomplished in this project has successfully addressed several 
gaps in the field of wood densification, firstly, by employing a continuous 
surface densification process using a roller press, and secondly, by 
developing and studying a fast open-system pre-treatment with ionic 
liquids, which greatly reduces the set-recovery. Research will continue on 
a new band press, facilitating a swift transfer of knowledge between small-
scale studies and the continuous surface densification of production-size 
wooden boards.  



 

 
 

v 

SAMMANFATTNING 

Hårdgörning är en metod för att förbättra egenskaper och öka värdet hos 
träslag med låg densitet, och resulterar i ökad densitet och därmed 
förbättrade mekaniska egenskaper i hela eller i delar av det komprimerade 
trästycket. Trots mångårig utveckling av olika hårdgörningsmetoder har 
ännu inte någon omfattande kommersialisering skett. De flesta av de 
hårdgörningsmetoder som trots allt finns på marknaden har 
begränsningar vad gäller produktionshastighet och möjlighet till 
integration i en kontinuerlig process, vilket medför höga 
tillverkningskostnader. Metoder för att utan kemiska tillsatser kunna 
eliminera den så kallade fuktinitierade återfjädringen  av det 
komprimerade träet (set-recovery), förlitar sig antingen på tekniskt 
komplicerade slutna processer eller på öppna system som kräver långa 
processtider med hög energiåtgång. Därför används någon typ av lim i de 
flesta kommersiellt tillgängliga hårdgjorda träprodukterna för att 
förhindra set-recovery. 

Detta doktorandarbete har enbart fokuserat på metoder för att hårdgöra 
ytan hos trä. Baserat på ovanstående generella brister hos befintliga 
hårdgörningsmetoder formulerades tre mål för doktorandarbetet: (1) att 
utveckla en metod för att identifiera de mest lämpliga träslagen för 
hårdgörning, (2) att påvisa att hårdgörning kan genomföras i en 
kontinuerlig process under hög processhastighet, och (3) att utveckla en 
snabb öppen metod för att eliminera eller betydligt minska set-recovery. 

En metod för att identifiera de träslag som är mest lämpliga för 
hårdgörning utvecklades och baseras på det så kallade Lean-konceptet. 
Metoden bekräftade att de träslag som prioriterats i tidigare studier om 
hårdgörning, t.ex. furu, gran och pappel, är högst lämpliga, men 
ytterligare träslag från olika delar av världen kunde också identifieras. 
Detta visar på stor potential för att etablera hårdgjorda träprodukter för 
en global marknad. 

I två studier valsades trävirke kontinuerligt mellan två stålvalsar, ena 
uppvärmd för att bibehålla temperaturen i trästycket under valsningen. 
Försöken visade att trä framgångsrikt kan hårdgöras i processhastigheter 
upp till 80 meter per minut och att kvistar i virket generellt inte medför 
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problem under valsningen. Problematiken med set-recovery kunde 
emellertid inte lösas enbart genom valsning. 

Olika öppna system för att minska set-recovery utvärderades och en ny 
metod baserad på joniska vätskor som mjukgörare av trämaterialet före 
hårdgörningen visade på stor potential. Set-recovery kunde reduceras till 
10% av full återfjädring med en processtid med hög energitillförsel på 
mindre än 10 minuter. Brinell-hårdheten för den hårdgjorda träytan 
ökades med en faktor 2,7 jämfört med icke hårdgjort trä. 
Termogravimetrisk analys (TGA) och digital bildkorrelation (DIC) 
användes för att kunna påvisa att set-recovery för det hårdgjorda träet i 
huvudsak sker i övergångszonen mellan komprimerat och icke 
komprimerat trä, där också inträngningen av de joniska vätskorna visade 
sig vara betydligt lägre jämfört närmare den med jonisk vätska behandlade 
ytan. 

Detta doktorandarbete har påvisat flera brister för existerande 
hårdgörningsmetoder vad gäller produktionstekniska aspekter. Föreslagna 
förbättringar av hårdgörningsprocessen, t.ex. genom kontinuerlig valsning 
och förbehandling med joniska vätskor för att minska set-recovery, visar 
på möjliga vägar att göra processen mer produktionseffektiv. Fortsatta 
studier kommer att inriktas mot ett pressförfarande med band istället för 
valsar i en nyutvecklad prototyppress, vilket jag är övertygad om kommer 
att underlätta en snabb överföring av kunskap mellan småskaliga försök 
och fullskaleförsök i en kontinuerlig process. 
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1  INTRODUCTION 

What is the point of surface-densified solid wood? To answer that 
question, we need to zoom out a bit and take a look at the bigger picture. 

Sustainability – meeting the needs of the present without compromising 
the ability of meeting the needs of the future – is one of the most important 
topics our global society has to grapple with in these times. Fortunately, a 
growing proportion of the human population is starting to appreciate this. 
We, as humans, need to use the available resources more efficiently, for 
example by shifting from non-renewable to renewable resources, such as 
wood. 

Compared to other production and construction materials, wood has 
unique properties – 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 the touch – and an organic appearance that is generally seen 
as an attractive feature. On the other hand, wood has considerable 
shortcomings, mostly related to the natural intra- and inter-species 
variation, and to wood-water interactions.  

Because of the natural variation between wood species, some supposedly 
low-value species are seen as unsuitable for applications in performance-
driven products. This applies to many low-density softwood species, such 
as Scots pine and Norway spruce. These two species are available in large 
quantities in the boreal and temperate forests, and improving their 
properties can make them more suitable for performance-driven products, 
for example for use as high-quality wooden flooring. 

Wood densification, i.e. the transverse compression of a piece of solid 
wood to achieve a permanent deformation of the cells, resulting in an 
increased density in the whole or a part of  the densified material, is one 
of the ways of improving the properties of low-density species, and it has 
been the subject of many studies during the past decades. In general, the 
main goal of densifying wood is to increase its hardness and surface 
abrasion resistance, and in some cases also to increase its strength and 
stiffness. The improvement of other properties, such as electrical 
insulation, can open up additional applications. The densification process 
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is usually carried out in a hot press (Fig. 1). In an open system with a 
combination of heat and pressure, but without control of the humidity of 
the environment, it is called thermo-mechanical (TM) densification; if 
done in a closed system under controlled atmosphere conditions, the 
process is called thermo-hydro-mechanical (THM) densification. 

 
Fig. 1: Principle of wood densification (thermo-mechanical) in 
a hot press: bulk densification (upper), and surface 
densification (lower). 

More recently, several studies have focused on densifying not the whole 
thickness (bulk densification) of a wood board, but only the wood cells 
close to the surface (surface densification) (Fig. 1). This leads to a difference 
in the density profile through the cross-section of the densified wood board 
(Fig. 2).  

There are several reasons why surface densification is preferable to bulk 
densification. For some applications, a hard surface and comparably soft 
core leads to advantageous product properties. Surface-densified wood 
flooring, for example, would combine a hard and wear-resistant surface 
with good dampening characteristics of the core, offering a pleasant user 
experience. In addition, the increased modulus of rupture (MOR) and 
modulus of elasticity (MOE) of densified wood suggest that there are 
potential applications within the field of timber engineering (Kutnar et al. 
2008b). For example, surface densification of wood allows the production 
of single-piece wood composites with high-strength outer layers and a low-

BULK DENSIFICATION

SURFACE DENSIFICATION
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strength core, similar in principle to I-beams. As the "composite" is made 
of a single element, no adhesive or other type of bonding or fastener is 
required, which facilitates recycling and potentially lowers the 
environmental impact.  

 
Fig. 2: Principal density profile diagram of un-densified, bulk-
densified, and surface-densified wood.  

In the light of European Union agendas, such as "Bioeconomy" and 
"Circular economy", recycling is becoming an important factor in the 
assessment of the environmental performance of a product (European 
Commission 2015, 2016). In addition, surface densification reduces the 
time required for both the densification stage and additional treatments to 
eliminate the set-recovery. This may reduce costs and the energy required 
for production (Rautkari et al. 2010a). 

So far, research into the surface densification of solid wood has focused 
mainly on understanding how the process parameters affect the resulting 
properties of the densified wood. Reducing or even completely eliminating 
the set-recovery has been and is still an important topic in this field. Even 
though existing studies provide a sound understanding of what happens 
during the densification process and how the process parameters affect the 
outcome, almost none of the studies have focused on developing a fast and 
cost-effective densification process for further industrial implementation. 
The same applies to the treatments studied to reduce the set-recovery, i.e. 
they may perform well from a technological point of view, but are rather 
time-consuming or complex, probably resulting in cost increases. It has to 
be noted that densified wood products are commercially available, and 
have been for the better part of the past century, but they are still niche 
products. They are usually made from resin-impregnated veneer, which 
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after impregnation is densified and cured to achieve a layered panel or 
block for further processing. Resin-impregnated densified wood has very 
competitive properties, but prices are roughly an order of magnitude 
higher than these of regular plywood, for instance. In addition, recycling 
can be problematic, due to the high amount of formaldehyde-based resins 
in this type of material. 



 

 
 

5 

2  OBJECTIVE 

Recognising that a large number of studies into wood densification have 
generated a lot of knowledge but have not led to densified wood being a 
mass-produced product, my vision is to change this situation. It is clearly 
a tall order, and bridging the gap between laboratory-research and 
industrial implementation within the scope of a PhD project is essentially 
impossible and not the purpose of such studies, but my goal is to get the 
stone rolling. 

2.1 AIM 

Based on a thorough analysis of the current state of knowledge in the field 
of wood densification, the overall aim of this project has been to push 
towards industrial implementation of surface densification technology. 
For this reason, this project mainly addresses three crucial factors 
currently preventing surface-densified wood products from being 
industrially produced on a large scale:  

1. The limited use of different types of raw materials, i.e. other 
species, grades and dimensions. 

2. The low process speed, which is largely due to the use of batch-
processing machinery and the methods used to stabilise the 
densified product. 

3. The set-recovery, which results in the loss of the densification 
upon exposure to increases in humidity. 

2.2 OBJECTIVES 

The aim stated above resulted in three objectives, here in the 
chronological order in which they were pursued in this project: 

1. Developing a methodology for the selection of wood species that 
have the highest potential to benefit from surface-densification 
technology. 

2. Showing that the surface densification of ordinary sawn timber in 
a continuous manner is possible in principle, at process speeds 
approaching those typical in the wood-industry.  



 

 
 

6 

3. Developing a method to strongly reduce the set-recovery, 
preferably in an open system, which has the potential to be 
implemented into a continuous densification process. 

Fig. 3 shows how the objectives, research questions and publications that 
are parts of this project relate to each other. 

2.3 RESEARCH QUESTIONS 

In order to achieve the objectives presented above, the following research 
questions were addressed (ordered in relation to the objectives).  

Objective No. 1 

1. Which wood species have the highest potential to experience an 
increase in value from surface densification technology? 

Objective No. 2 

1. What are the major reasons from a technological perspective why 
surface-densified wood products are not already being industrially 
produced on a large scale? 

2. Does continuous surface densification at a high process speed lead 
to the desired density profiles with a marked increase in density 
close to the wood surface? 

3. Which continuous surface densification methods can be suitable 
for densifying wooden boards at a process speed close to that 
found in the wood industry? 

Objective No. 3 

1. Are there methods to reduce the set-recovery of surface-densified 
wood in an open system, in a way that is closer to the speed of a 
continuous densification process than the existing methods?  

2. How great a reduction in set-recovery can be achieved with  such 
novel methods, and how do they affect the Brinell hardness? 

3. Which mechanisms govern the effect of these methods on the set-
recovery? 
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Fig. 3: Overview of how the objectives relate to the research 
questions (RQ) and the publications that are a part of this 
project. 

2.4 LIMITATIONS 

Developing a continuous densification process that yields surface-densified 
wood products without set-recovery in the intended use, and that is ready 
for immediate transformation into a large-scale industrial process, is 
beyond the scope of a PhD project, due to the following limitations: 

- Upon completion of this work, further studies should be able to 
focus on bringing together the second and third objectives of this 
project (see section 2.2). 

- In this thesis, the focus is on the mechanisms of the set-recovery 
phenomenon, and how to prevent its occurrence in surface-
densified wood products. That means that the methods presented 
to reduce the set-recovery do not have to be carried out in a 
continuous manner in practice, but how it would be possible 
should be conceivable and describable.  

- Substances used to reduce the set-recovery do not have to be 
affordable at this point in time if a strong reduction in price is 
conceivable or if they can potentially be recovered and reused. 

- Even though additional factors potentially affect an industrial 
densification process (e.g. raw material quality, annual growth 
ring orientation, economics, etc.), addressing such factors is not a 
requirement for the successful completion of this project. 
However, interesting observations are not necessarily excluded 
from being presented and discussed in this thesis. 

OBJECTIVE 1 

OBJECTIVE 2 

OBJECTIVE 3 

RQ 1.1

RQ 2.1

RQ 2.2

RQ 2.3

RQ 3.1

RQ 3.2

RQ 3.3

PUBLICATION I

PUBLICATION II

PUBLICATION III

PUBLICATION IV

PUBLICATION V

PUBLICATION VI

PUBLICATION VII

PUBLICATION VIII
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- An environmental assessment of the methods presented is not part 
of this work, but environmental aspects were kept in mind 
throughout the method development, for example by checking 
information found in the literature.  
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3  HISTORICAL BACKGROUND 

The historical background and state-of-the-art in the field of wood 
densification is here presented as a cluster analysis, both with respect to 
various sub-topics, and with respect to the different research groups 
conducting studies in this field. The cluster analysis is based on a dataset 
of 176 scientific articles, patents, and doctoral theses, with information 
about the affiliation of the authors, year of publication, and topics. The 
dataset is rather comprehensive regarding scientific studies originating 
from Europe and North America, but there are certain 
limitations/weaknesses: 

- Regarding studies from the rest of the world, I have tried to cover 
the most active research groups who have published in the English 
language.  

- The dataset is mainly focused on journal papers, and to some 
extent on conference papers and doctoral theses.  

- Patents are not covered comprehensively, only the most 
important ones have been included in the dataset.  

- Popular science articles are largely omitted. 
- Only publications in the English language have been considered. 

Some exceptions were made, e.g. for publications from German 
speaking countries that covered the early beginnings of wood 
densification in the first half of the 20th century.  

- Due to the difficulty of tracking down publications from the first 
half of the 20th century, this era may not be comprehensively 
covered. 

Fig. 4 shows the relative distribution of publications covered by the dataset 
over various parts of the world. It can be seen that most of the research 
into wood densification originates from Europe or North America. 
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Fig. 4: Relative number of publications about wood 
densification by region. 

Some of the seminal books, PhD theses and review articles relevant to the 
field of wood densification are listed below in chronological order: 

- Kollmann, F. F. P. (1955). Technologie des Holzes und der 
Holzwerkstoffe, Zweiter Band: Holzschutz, Oberflächen-
behandlung, Trocknung und Dämpfen, Veredelung, Holz-
werkstoffe, Spanabhebende und Spanlose Holzbearbeitung 
Holzverbindungen. Springer-Verlag, Berlin, Heidelberg. 

- Vorreiter, L. (1958). Holztechnologisches Handbuch, Band II: 
System Holz-Wasser-Wärme. Holztrocknung. Dämpfen und 
Kochen. Spanlose Holzverformung. Verlag Georg Fromme & 
Co., Wien und München. 

- Stamm, A. J. (1964). Wood and cellulose science. Roland Press 
Co., New York. 

- Kollmann, F. F. P. , Kuenzi E.W. & Stamm, A.J. (1975). 
Principles of wood science and technology: II wood based 
materials. Springer-Verlag, Berlin, Heidelberg, New York. 

- Heger, F. (2004). Etude du phénomène de l’élimination de la 
mémoire de forme du bois densifié par post-traitement thermo-
hydro-mécanique. (Study of the mechanisms of elimination of 
the memory shape of densified wood by post-processing 
thermo-hydro-mechanics). Doctoral thesis, No. 3004, EPFL, 
Lausanne, Switzerland. 
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- Blomberg, J. (2006). Mechanical and physical properties of semi-
isostatically densified wood. Doctoral thesis, Luleå University of 
Technology, Sweden. 

- Navi, P. & Sandberg, D. (2012) Thermo-hydro-mechanical 
processing of wood. EPFL Press, Lausanne, Switzerland. 

- Rautkari, L. (2012). Surface modification of solid wood using 
different techniques. Doctoral thesis, Aalto University, Finland. 

- Kamke, F.A. (2013). THM – a technology platform or novelty 
product. In: Characterisation of modified wood in relation to 
wood bonding and coating performance. Proceedings of the 
COST FP0904 and FP1003 International Workshop, Rogla. 

- Laine, K. (2014). Improving the properties of wood by surface 
densification. Doctoral thesis, Aalto University, Finland. 

- Kutnar, A., Sandberg, D. & Haller, P. (2015). Compressed and 
moulded wood from processing to products. Holz-
forschung, 69(7), 885-897. 

Before delving into the history of wood densification, section 3.1 gives a 
very brief overview and mentions several examples of studied methods of 
increasing the hardness of wood without densifying it. Section 3.2 briefly 
explains the major principles of TM and THM densification in order to 
facilitate the understanding of the studies reviewed in the subsequent 
sections. Section 3.3 covers the early history of wood densification, before 
section 3.4 goes deeper into various sub-topics. Section 3.5 is about the 
larger picture with a focus on the major research groups and how they 
have contributed to the field of wood densification over the past decades.  

3.1 HARDNESS INCREASE WITHOUT DENSIFICATION 

This section is not exhaustive, as it is only partially relevant to this thesis. 

Methods to increase the hardness of solid wood without compressing its 
cells rely mostly on impregnation with resins that fill the cell lumen, 
thereby essentially creating a wood-plastic-composite. In a comprehensive 
review article describing most of the early studies, Schneider (1994) 
reported improvements in hardness and dimensional stability as a result 
of impregnation with various agents, such as methyl methacrylate, styrene, 
phenol-, urea-, and melamine-formaldehyde, epoxy, furfuryl alcohol, or 
isocyanates. Measurement of the hardness of resin-impregnated wood 
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goes back to the 1970s (Beall et al. 1973), while measurement of the 
abrasion resistance goes back to the 1960s (Iannazzi et al. 1964). 

Lande et al. (2004) impregnated Scots pine and beech wood with furfuryl 
alcohol, a method that was later also tested in combination with 
densification (Pfriem et al. 2012). At a low weight percentage gain (WPG) 
of 15%, the increase in Brinell hardness was only small, but at a WPG of 
125% it was doubled. Gindl et al. (2004) impregnated Norway spruce with 
water-soluble melamine-formaldehyde resin, which led to a twofold 
increase in hardness at 25% WPG. Similar results were reported by Zhang 
et al. (2006) in a study of methyl methacrylate-impregnated sugar maple 
wood. Larsson & Simonson (1994) reported an increase in Brinell 
hardness by a factor of 1.25 after acetylation of Scandinavian softwoods. 

The major disadvantages of these impregnation methods are the need for 
a closed system, the high consumption of the impregnating agent, and 
potential problems with recycling of the impregnated wood.  

3.2 THE BASIC PRINCIPLES OF DENSIFICATION 

Wood can be densified in different directions, either longitudinally or 
transversely, but this thesis considers only transverse densification of solid 
wood. Transverse densification is further divided into densification in the 
radial and tangential directions (Fig. 5). As the annual growth rings are 
hardly ever perfectly aligned  to be parallel with the sides or edges of sawn 
timber, the distinction between these two directions is often hard to fulfil. 
Densification in the radial direction has received the greatest attention. 

 
Fig. 5: Radial vs. tangential densification. 

In order to densify wood without crushing its cells, it needs first to be 
softened/plasticised. Fig. 6 shows the glass transition/plasticisation 
temperature (Tg) of the three major wood constituents in isolation as a 
function of the moisture content. These three components are not isolated 

RADIAL DIRECTION TANGENTIAL DIRECTION
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in the wood but are chemically linked. Hence, in order to compress wood 
without crushing the cells, the hemicellulose-lignin matrix needs to be in 
the rubbery state (Fig. 7). For example, if wood with a moisture content of 
13% – which corresponds to a relative humidity (RH) of approx. 70% 
when equilibrated – needs to be densified, the densification temperature 
should be at least 130-150°C. 

 
Fig. 6: Glass transition temperature (Tg) of the three major 
wood components in isolation as functions of the moisture 
content (Salmen 1982). 

 
Fig. 7. Glass transition temperature (Tg) of the hemicellulose-
lignin matrix as a function of the ambient relative humidity 
(RH) (Salmen et al. 1986). 
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The interaction between Tg and the moisture conditions results in the 
basic process of densifying wood, usually in some sort of hot press, as 
shown in Fig. 8: the undensified wood (1) is plasticised (2) by some means, 
often by combining heat and moisture. In step 3, the wood is put under 
pressure and the wood cells deform under the load. In order to reduce the 
immediate elastic spring-back when the press is opened, a cooling stage is 
added (4). When the press is opened, some spring-back (5) occurs, due to 
an elastic component during the densification step. If the wood is re-
plasticised in the absence of load, it will almost completely recover to its 
state before densification (6). Depending on the severity of the re-
plasticisation this set-recovery process can take from some hours to several 
years. The set-recovery can be reduced by various pre- and post-
treatments. Section 3.4.3 provides a more detailed description of the 
spring-back and set-recovery phenomena. In a TM-densification process, 
all stages are performed under open-system conditions, without control of 
the ambient RH. In the case of THM densification, stages 2-4 are carried 
out in a closed system with full control of the RH. 

 
Fig. 8: Spring-back and set-recovery of a wood cell in the 
cross-sectional view in the context of the densification process. 
The yellow colour represents solidified (non-plasticised) wood 
and the red colour plasticised wood. The black arrows 
indicate that the wood cell is under load. 

The compression ratio specifies the level of densification, i.e. the reduction 
in thickness divided by the initial thickness of densified wood. For 
example, compressing a wooden board of 20 mm in thickness to 12 mm 
in thickness results in a thickness reduction of 8 mm, which corresponds 
to a compression ratio of 40%. Thus, the compression ratio is meaningful 
only with regard to bulk densification. Densifying the surface of the same 
wooden board might lead to a twofold increase in density close to the 
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surface, but the thickness reduction would be only 5 mm, equalling a 
compression ratio of 25%. The level of densification of surface-densified 
wood should instead be measured locally. 

Hardness is one of the most relevant properties of densified wood with 
regard to potential areas of application. In many cases, it is measured by 
the Brinell method, in which a steel ball is slowly pressed into the wood 
surface with increasing force, followed by a holding time with constant a 
force. The hardness is usually determined from the diameter of the 
indentation in the wood surface, but it can be difficult to determine the 
exact diameter. For this reason, the Brinell hardness is often based on the 
depth of the indentation. This approach was first suggested by Niemz & 
Stübi (2000), and it has been adopted in this thesis. For bulk-densified 
wood the hardness increase is proportional to the density increase. In the 
case of surface-densified wood, the relationship is less clear and depends 
on the exact density profile. 

3.3 THE BEGINNINGS OF WOOD DENSIFICATION 

This section briefly summarises the early history of wood densification, 
covering the time between 1900 and 1980.  

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 the 1920s, a product 
called “Lignostone” appeared on the market and remains there today. 
From the beginning, it was wood densified in a hydraulic press at 140°C 
under a pressure of 25 MPa (Kollmann 1936), but today the Lignostone 
trademark includes resin-impregnated veneer-laminate. During the next 
few decades further patents related to wood densification were issued to 
Heritage (1954) who worked for the Weyerhaeuser Timber Company, 
and to Schuerch (1966), who proposed the use of liquid ammonia to 
plasticise the wood before densification and ensure permanent 
deformation. This was an early hint at one of the major problems of 
densified wood: how to avoid the moisture-induced swelling of the 
densified wood cells back to their original shape, called set-recovery.  

Already in 1944, a patent granted to Lundstrom (1944) indicated the 
possibility of surface densification of wood, as opposed to bulk 
densification. While Lundstrom’s patent was focused on specific furniture 
components, a patent granted to Elmendorf (1971) explored the possibility 
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of surface densification of wood in general. The list of patents mentioned 
here is far from being complete, but it highlights that wood densification 
has been a subject of interest for almost a full century. 

Perhaps, the first research paper about wood densification was published 
by Seborg, Millet and Stamm in 1945 (Seborg et al. 1945), and for the 
next two decades, this group at the Forest Products Laboratory (FPL) in 
Madison, WI, USA, led the early research efforts into the densification of 
wood. They compressed birch veneer to a density of up to 1300 kg	m-3 at 
pressures between 10 and 17 MPa, and they called the product “Staypak”. 
The process conditions were such that the lignin matrix within the wood 
material was sufficiently plasticised to reduce internal stresses (Rowell 
1999). The idea behind such a densified wood product 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 sufficient 
dimensional stability when exposed to moisture, resulting in a high set-
recovery. To circumvent the problem, the researchers also worked on 
resin-impregnated densified wood, coining the term “Compreg” (Stamm 
& Seborg 1951). A phenol-formaldehyde (PF) resin was often used, 
resulting in very good mechanical properties and high dimensional 
stability. 

Throughout the following decades until the 1990s, research into the 
densification of wood remained sparse, mostly limited to studies 
conducted at the FPL in Madison. In 1968, Tarkow and Seborg published 
a study about surface densification of wood (Tarkow & Seborg 1968). In a 
book by Kollmann from the University of Munich, Kuenzi from FPL, and 
Stamm from the North Carolina State University, the authors reported 
that the densified wood cells need to be cooled to a temperature below 
about 100°C to reduce the immediate partial recovery of the densified 
wood cells when the pressure was released after the densification 
(Kollmann et al. 1975). This phenomenon is called elastic spring-back, or 
only spring-back, and is related to the solidification of the plasticised 
lignin-hemicellulose matrix at lower temperatures.  

Apart from the FPL studies, groups from the Technical University of 
Denmark, and the Institute for Wood Technology in Poznan, Poland 
made contributions to the field of wood densification (Bach & Hastrup 
1973, Perkitny & Jablonski 1984). 
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3.4 FOCUS AREAS OF WOOD DENSIFICATION 

The dataset used for this literature analysis was screened for topic clusters, 
with the goal of identifying those areas that seem to have experienced the 
greatest research activity during the past decades: 

1. Densification methods 
2. Mechanical properties 
3. Set-recovery and spring-back 
4. Density profile and morphology  
5. Water sorption properties 
6. Chemical changes 

Interestingly, the extremely important focus area of large-scale industrial 
implementation (7) was largely missing from the dataset. This area would 
include studies dedicated to simplifying or speeding up the densification 
process in order to make it more suitable for the large-scale and 
commercially viable manufacture of densified wood products.  

The following sub-sections present the state-of-the-art for each of the 
seven focus areas.  

3.4.1 DENSIFICATION METHODS 

Especially during the 1990s and the first decade of the 21st century, many 
studies explored different approaches for densifying wood. Towards the 
end of the 2000s, most research groups seemed to converge more and 
more on similar densification methods (either TM or THM), which led to 
a shift in focus towards investigating the effects of the many different 
process parameters.  

In the 1990s, most of the research into wood densification originated from 
Kyoto University in Japan. Inoue et al. (1990) implemented an elaborate 
technique to densify the surface layer of softwood. Five-millimetre deep 
grooves were cut into the wood surface and filled with water. Microwave 
radiation was used to heat the water and thereby plasticise the wood 
surface that was then compressed to a compression ratio of 45%, which is 
equal to a thickness reduction of the same value. Two parts of a four-part 
study conducted by Shams et al. (2004a, 2004b) focused on the effects of 
the processing parameters on the compressive deformation of wood 
impregnated with low molecular weight PF resin, which acts as a 
plasticiser and stabiliser of the densified wood. The authors reported a 
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positive correlation between press-holding time and the resulting density 
of the compressed wood. In addition, higher pressing temperatures and a 
higher PF resin content led to a reduction in the pressure required to 
achieve a given level of densification. 

At about the same time, a group from EPFL Lausanne in Switzerland, led 
by Parviz Navi, published several studies about THM densification of 
wood. In a conference paper in 1997, the authors introduced the term 
THM processing for wood densification processes that combine heat, 
saturated steam and pressure in a closed system (Navi et al. 1997). The 
THM process consists of the following steps: 

1. Plasticisation: heating of the specimen to an elevated temperature, 
e.g. 160°C, under saturated steam conditions, e.g. for up to 10 
minutes.  

2. Densification under the same steam conditions by closing the 
press and thereby compressing the wood. 

3. Post-treatment: the press remains in the same position and the 
temperature is increased while saturated steam conditions are 
maintained for several minutes. 

4. Cooling the specimen to a temperature of 60°C, followed by 
opening of the press. 

On the other side of the Atlantic, at Oregon State University (OSU), the 
group led by Frederick Kamke became increasingly active, starting with 
the granting of a patent about viscoelastic thermal compression (VTC) 
(Kamke & Sizemore 2004). VTC is similar to THM as it uses a 
combination of heat, steam and pressure to densify wood. In a first step, 
the wood exceeds its glass-transition temperature at elevated temperature 
and moisture conditions, after which the wood is further plasticised by 
inducing rapid vapour decompression and removal of bound water in the 
cell wall. The vapour decompression step is crucial for the successful 
plasticisation of the wood cells, and relies on the rapid movement of water 
out of the cell wall. To achieve the optimal softening effect, the process 
and sequence of steps need to be well timed. The wood is compressed in 
this softened state. This is followed by an annealing and cooling stage 
before the pressing device is opened. A few years later, Andreja Kutnar 
and Milan Sernek from Slovenia joined Kamke’s group and contributed 
substantially to the exploration of the VTC method (Kutnar & Sernek 
2007). 
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Pizzi et al. (2005) chose an entirely different approach to achieve surface 
densification: they placed two pieces of wood inside a wood friction 
welding machine, separated by a layer of sunflower oil to avoid bonding 
of the surfaces by friction welding. When the pieces were moved in 
relation to each other for 8 to 14 seconds under low pressure, friction 
created heat and plasticised the wood surfaces. Once they were plasticised, 
the friction-creating movement was stopped and 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 doubled. Rautkari et al. (2009) 
continued with a similar approach, using a single piece of wood fixed to a 
vibrating platen, while the other fixed steel-platen was heated to a 
temperature of 100°C. The total process time was about 100 seconds, and 
the surface hardness was doubled.  

Towards the end of the 2000s, most researchers seemed to settle for a 
simple process using a hot press in an open system, adjusting the press 
parameters (temperature, pressure, closing speed, holding time) and the 
moisture content of the wood to influence the resulting density profile. 
Such a surface densification process was presented by Wang & Cooper 
(2005a) at the University of Toronto, 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 pre-heating time and the press closing time, the location of 
the density peak could be steered. Lamason & Gong (2007) at the 
University of New Brunswick, Canada, 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 
spring-back was greatly reduced and the hardness was increased by 140%. 
In addition, increases in the modulus of elasticity and nail withdrawal 
resistance of 23% and 132% respectively, were reported. The process time 
was about 12 minutes.  

A similar approach was introduced by Lauri Rautkari at Aalto University, 
and from then on his group became increasingly active in the field of 
surface densification and they have laid part of the groundwork upon 
which this thesis is based. In one of their studies (Rautkari et al. 2011), a 
density profile with a pronounced density peak close to the surface was 
obtained with a press closing time of 30 seconds, after which the pressure 
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was held for 60 seconds before the wood was cooled. The hardness was 
approximately doubled (Rautkari et al. 2013). In a similar study, with the 
same closing time paired with a holding time of 10 minutes, an almost 
identical increase in hardness was obtained (Laine et al. 2013a). Kristiina 
Laine’s doctoral thesis provides a good overview of the findings of the 
Aalto University group (Laine 2014). 

More or less the same densification method using a laboratory hot press 
was employed by two groups in Turkey who published several papers in a 
collaboration between Duzce University and Istanbul University. They 
obtained the greatest increase in density at a pressing temperature of 
130°C and a pressure of 6 MPa (Unsal et al. 2011). However, the influence 
of the temperature was rather small in that study. Ulker et al. (2012) was 
able to confirm these results when they densified wood at the same 
pressure and roughly the same temperature. 

The group led by Alain Cloutier at Laval University in Canada showed 
an increasing activity from 2010 onwards, mainly focusing on THM 
densification and the densification of veneers. In one study, they employed 
design of experiment and response surface methodology to optimise the 
levels of three parameters: densification temperature, densification time 
and post-treatment time (Fu et al. 2016). The optimal results were 
obtained at the lowest temperature (180°C), but longer process times. 

Several other, partly unique approaches to the densification of wood are 
described in section 3.4.7 industrial implementation, as they were mainly 
driven by the interest from the industry: 

- The CaLignum process: semi-isostatic compression of wood 
without plasticisation through heat. 

- The PrimWood concept: densification of wood in a band press 
without plasticisation through heat. Stabilisation through 
mechanical locking. 

- The moulded tube concept: densified wood panels moulded into 
tubes. 

- The MDF-press concept: continuous densification in a band press 
usually used for MDF production with control of the temperature 
during different stages of the process. 
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3.4.2 MECHANICAL PROPERTIES 

The improvement in mechanical properties, in particular the hardness, 
and modulus of elasticity (MOE) and modulus of rupture (MOR) in 
bending is perhaps the principal reason for densifying wood, and this 
particular focus area has been the subject of studies by almost all the 
research groups involved in wood densification. 

Yano et al. (1997) at Kyoto University studied the effect of transverse 
compression of wood impregnated with low molecular weight PF resin on 
the specific gravity, MOE and MOR, and the authors reported a roughly 
twofold increase in both MOE and MOR. In a study published in multiple 
parts from the same research group, the method was further developed, 
and even greater improvements in the mechanical properties were 
observed (Shams et al. 2004a, 2005, 2006). Favourable effects of an 
additional sodium chlorite pre-treatment for lignin removal were 
reported, as well as a greater potential for an increase in density when 
lower-density wood species were compressed at a given pressure. 

Navi & Giradet (2000) found that the shear strength in the grain direction 
can be increased more than tenfold by a THM treatment. Similar results 
were found in another study by Heger et al. (2004), where spruce 
specimens were densified under a saturated steam atmosphere at an 
elevated temperature for about 30 minutes. The Brinell hardness showed 
a fivefold increase. 

Oleksandr Skyba at ETH Zürich in Switzerland reported a roughly 
threefold increase in Brinell hardness for THM densified spruce and a 
twofold increase for beech (Skyba 2008). The compressive strength 
perpendicular to the grain could be increased 20-fold in spruce and 
threefold in beech. 

In general, the MOE and MOR in bending increases more or less equal 
to the achieved increase in density (Kutnar et al. 2008b). These results 
confirmed the findings of a previous study (Kamke 2006). The authors 
pointed out the suitability of the VTC method for fast-growing low-density 
wood species. Creating laminated three-layer composites with an 
undensified core layer and densified face layers resulted in an increase in 
MOE and MOR compared to undensified wood, but in this case with a 
proportionality constant of less than 1 in relation to the increase in density 
of the face layers. Compressing fast-growing hybrid poplar wood under 
various steam conditions at temperatures between 150°C and 170°C 
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showed that compressing the wood under transient steam conditions 
results in an increase in MOE and MOR with a proportionality constant 
of more than 1. Under saturated steam condition the increase was equal 
to the increase in density, but under superheated steam conditions the 
increase was smaller (Kutnar & Kamke 2012a). A post-treatment with 
saturated steam at 200°C for 1-3 minutes did not lead to any deterioration 
in the bending properties of the densified wood (Kutnar & Kamke 2012b).  

The results obtained by Alain Cloutier’s group at Laval University who 
also employed THM processing methodology, were similar to those 
obtained by the groups at EPFL Lausanne and OSU. The Brinell 
hardness was more than tripled, and MOE and MOR in tension and 
bending increased to an extent that was roughly equal to the increase in 
density at a densification temperature of 200°C (Fang et al. 2012a). The 
study also included a post-heat-treatment with canola oil, which had a 
detrimental impact on the mechanical properties that increased with 
temperature and was the highest for the tensile MOR. These results were 
confirmed in another study (Fang et al. 2012b). When comparing 
densification without steam and densification under saturated steam 
conditions, the latter led to substantially greater increases in hardness, 
bending strength and bending stiffness (Fu et al. 2017). In a recently 
published study, the authors reported that the lignin content in the wood 
was positively correlated with the MOE in bending, and negatively 
correlated with the Brinell hardness (Cruz et al. 2018). 

From the beginning of the 2010s, a group from Mendel University in the 
Czech Republic, often collaborating with researchers from Sopron 
University in Hungary, published several studies on beech wood 
plasticised with ammonia before densification, a product called 
Lignamon. In a comparison with THM-densified beech, Lignamon 
showed a higher MOE, while the MOR remained about the same (Pařil 
et al. 2013). A study on fast growing poplar by the Mendel University 
group in collaboration with Frederick Kamke from OSU and Andreja 
Kutnar, employed the VTC process and the MOE showed a threefold 
increase (Hornicek et al. 2015). 

The effect of densification in an open system (TM processing) on the 
mechanical properties was studied mainly by Rautkari’s group at Aalto 
University, and by several other, less active groups around the world.  
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The group led by Lauri Rautkari mostly focused on the Brinell hardness 
and less on other mechanical properties, and they reported a twofold 
increase in Brinell hardness after surface densification of Scots pine 
specimens of 22, 20, and 18 mm thickness to a target thickness of 15 mm 
(Rautkari et al. 2013). This showed that the hardness is almost solely 
affected by the density of the surface layer, as long as the densified area is 
sufficiently thick. A hydrothermal post-treatment led to mass loss, but did 
not affect the density or the hardness. A study on spruce with the same 
method resulted in a slightly lower increase in hardness, and the increase 
in MOE and MOR in bending was less than equal to the increase in 
density of the surface layer (Kariz et al. 2017). In a study on bulk 
densification with essentially the same method – using a hot press at 150°C 
– the hardness increase was proportional to the increase in density (Laine 
et al. 2016a). Again, thermal post-treatment had no detrimental effect on 
the hardness. 

Gao et al. (2016) at the Chinese Academy of Forestry in Beijing, China, in 
collaboration with Virginia State University, USA, reported increases in 
the MOE and MOR of surface-densified wood similar to those obtained 
by bulk densification. The study was done on plantation poplar wood. In 
another study on poplar wood, Yu et al. (2017) at the Zhejiang University, 
China, reported that a high pressure treatment of up to 150 MPa resulted 
in a 162% increase in MOE and a twofold increase in MOR and Brinell 
hardness. This is increase is equal to the observed twofold increase in 
density. 

Esteves et al. (2017) at the University of Lisbon, Portugal, densified and 
thermally modified Maritime pine in a hot press and found increases in 
hardness and in MOE and MOR that are in agreement with those 
reported in other studies that employed a similar methodology. 

In 2018, a group of researchers at FPL, the University of Maryland and 
the University of California had an article published in the journal Nature, 
a feat that made a stir in the field of wood modification. The authors had  
pre-treated bulk-densified wood of various softwood and hardwood 
species with an aqueous solution of sodium hydroxide and sodium sulfite. 
This treatment removed lignin and hemicellulose, and gave extreme levels 
of densification, resulting in a more than tenfold increase in strength (Song 
et al. 2018). 
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To briefly summarise the findings of the effect of wood densification on 
the mechanical properties, it can be said that there is generally an increase 
equal to the achieved increase in density. It appears, though, that with 
densification in a closed system – as in THM or VTC processing – even 
greater high improvements of the mechanical properties are attainable. In 
the case of surface densification, the relationship between the density 
profile and  increases in MOE and MOR is less clear, and several studies 
reported increases less than equal to the increase in density. 

3.4.3 SPRING-BACK AND SET-RECOVERY 

Already in the early studies of wood densification it was found that 
unmodified and densified wood cells tend to recover as soon as they are 
exposed to moisture (Seborg & Stamm 1941). This phenomenon is related 
to the shape-memory effect, called set-recovery”, and is caused by the 
build-up and subsequent release of internal stresses within the densified 
wood cells (Morsing 2000). Among others, Rautkari et al. (2010b) 
observed the almost complete set-recovery of surface-densified wood 
samples after exposing the specimens to several cycles of high and low 
humidity.  

Before considering the elimination of the set-recovery, it is necessary to 
distinguish between the phenomena of set-recovery and spring-back. The 
spring-back is the instant elastic recovery of the deformation upon removal 
of the load that caused the deformation, whereas set-recovery is a result of 
a partial or complete re-plasticisation of the deformed/densified wood and 
can be a long-term process. 

Spring-back 

The spring-back occurs immediately when the pressure is released after 
the densification process, and it can be attributed to the release of elastic 
strains, which develop within the chemical bonds of the wood material, 
due to the external load applied to achieve densification. Depending on 
the moisture content and the temperature of the wood material, the 
densified wood cells spring back to different extents. Densified wood that 
is plasticised springs back more than densified wood that is dry and 
below its glass-transition temperature. A complete elimination of the 
spring-back is difficult to achieve.  
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The elastic spring-back (SB) is defined as: 

"# = %&'(%'
%)(%'

 (1) 

where B0 is the original dimension of the specimen in the densification 
direction before densification, Bc is the target dimension of the specimen 
after densification and B’c is the actual dimension of the specimen after 
densification. The spring-back can thus vary between 0% and 100%, 
where 0% indicates no spring-back and 100% indicates total spring-back 
to the original dimension before densification. 

Set-recovery 

After being densified, the plasticised wood is cooled and conditioned to a 
moisture content suitable for its use. 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 
plasticised in the absence of any external force, e.g. through moisture, 
humidity, or elevated temperature, it reverts to its original dimensions 
because the elastic deformation of the crystalline cellulose is released (Navi 
& Sandberg 2012). In practice, the densified wood does not usually fully 
recover, but it usually recovers to 80-90%. There are two possible reasons 
for this failure to recover completely: either there is some damage to the 
wood cells due to densification, or the plasticisation 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.  

The set-recovery (SR) is defined as: 

"* = +&'(+'
+)(+'

	 (2) 

where R0 is the oven-dry dimension of the specimen in the densification 
direction  before densification, Rc is the dimension of the specimen after 
densification and R’c is the dimension of the densified specimen after the 
wet-dry cycling. The set-recovery can vary between 0% and 100%, where 



 

 
 

26 

0% indicates that there is no set-recovery, i.e. that the compression-set is 
completely fixed, and 100% indicates that the recovery is total.  

The set-recovery can be measured in several ways, some of them more 
severe than others. There does not seem to be an established standard, 
even though, over the years, many research groups have converged on a 
few methods: 

- Cycling through different levels of relative humidity (RH) below 
100% in a climate chamber. 

- Cycling through 100% RH followed by oven drying. 
- Cycling through water soaking at room temperature followed by 

oven drying. 
- Cycling through water soaking in boiling water followed by oven 

drying. 

Some researchers have found that doing cycles with exposure to 98% RH 
lead to a lower set-recovery than cycles involving soaking in water (Laine 
et al. 2013b). In my own experiments with completely vapour-saturated 
air (100% RH) there was no difference between the two methods in terms 
of maximum set-recovery, except that the speed of swelling was much 
slower in air than in water, 14 days as opposed to 1 day for specimens of 
the same size. In my opinion, the water soaking method at room 
temperature is generally the most useful. It is simple, reasonably fast and 
measures the maximum set-recovery that a piece of densified wood will 
eventually experience, even if in most cases the ‘real-life’ situation is less 
severe. Whichever method is used, the cycles should be repeated until 
there is no significant change in the set-recovery between two cycles. 

Considerable effort has been put into exploring different ways of 
eliminating the set-recovery, and the following general principles to 
achieve a long-term fixation of the densified wood cells have been 
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 CH3COO-
groups), or formaldehydation (fixing of H2CO between two 
hydroxyls to obtain a strong chemical bond), etc.  



 

 
 

27 

2. Relaxation of internal stresses within the wood matrix during 
densification, for example by THM processing. 

3. Reducing the water accessibility of the cell wall, for example by 
thermal treatment. 

4. Mechanical fixation by gluing or impregnation with resins/ 
adhesives, such as epoxy resin, or by nailing, screwing, etc. 

During the early days of wood densification, one of the major principles 
for eliminating the set-recovery was to impregnate the wood with a 
polymerising resin, which basically leads to  mechanical stabilisation of the 
wood cells. Products such as Compreg were impregnated with PF resin 
that functioned as a plasticiser during densification and stabilised 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 & 
Seborg 1951). The resulting product had extraordinary properties in 
terms of strength, water resistance, swelling and shrinkage, and it is still 
commercially available, albeit at prices about ten times higher than those 
of regular plywood. 

During the 1990s, most research groups employed some sort of steam 
treatment to plasticise the wood prior to or during densification in order 
to eliminate the set-recovery. 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. This principle was adopted by the group at Kyoto 
University, with similar results. Inoue et al. (1993) steamed solid sugi wood 
at 180°C for 2 to 8 minutes while densifying the specimens at a 
compression ratio of 50%. Steaming during the densification process for 
8 minutes at 180°C resulted in complete elimination of the set-recovery. 
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. Similar results were 
obtained by Dwianto et al. (1999). In a study published in 2008, Inoue and 
co-workers used pre-steaming at 120 to 220°C and treatment times of 5 
to 20 minutes to study the reduction in set-recovery (Inoue et al. 2008a). 
The greatest reduction was achieved with pre-steaming at 210°C for 10 
minutes. The set-recovery decreased with increasing temperature up to 
210°C. The Kyoto group also started to explore thermal post-treatment 
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and achieved a complete elimination of the set-recovery after 30 h at 
160°C and after 12 h at 180°C (Norimoto et al. 1993). 

Parviz Navi’s group at EPFL Lausanne focused on eliminating the set-
recovery with THM processing. Two minutes under steam conditions at 
200°C were reported to be sufficient to eliminate the set-recovery totally 
(Navi & Heger 2004). The results of the group’s research efforts have been 
comprehensively summarised in a book about THM processing by Navi 
& Sandberg (2012) (Fig. 9).  

 
Fig. 9: Summary of the THM post-treatment parameter 
combinations that reduce the set-recovery to less than 10% 
(Navi & Sandberg 2012). 

Christian Welzbacher – who had previously worked together with Parviz 
Navi’s group – and his colleagues at BFH Hamburg and TU Dresden in 
Germany, integrated a thermal treatment into the press holding stage of a 
TM densification process (Welzbacher et al. 2008). Treatment 
temperatures between 140 and 200°C, and treatments for between 30 and 
240 minutes were tested. Afterwards, a four-hour oil-heat treatment stage 
was added to further reduce the set-recovery. Regardless of the 
densification process parameters, the combination with oil-heat treatment 
resulted in an almost complete elimination of the set-recovery. 

In the OSU group, Kutnar & Kamke (2012a) focused on the effect of the 
steaming conditions during compression at temperatures between 150°C 
and 170°C in a closed system, using the VTC method. To further reduce 
the set-recovery, a post-treatment with saturated steam at 200°C was 

THM POST-TREATMENT: PARAMETER COMBINATIONS 
RESULTING IN LESS THAN 10% SET-RECOVERY
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tested. The results showed that the set-recovery decreased with 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 for 6 minutes resulted in a set-recovery of only 6% after five wet-
dry cycles. The post-treatment did not reduce this set-recovery any 
further.  

Fang et al. (2010) at Laval University achieved similar results after 
densifying aspen and hybrid poplar under steam conditions, but at 
temperatures over 200°C. According to Inoue et al. (2008a) the reduction 
in the set-recovery achieved by densifying wood under heat and steam 
conditions is due to an effective plasticisation of the lignin matrix without 
the build-up of internal stresses, 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 the surface densification of wood gained popularity during 
the 2010s, the reduction of the set-recovery has remained an important 
research subject. After densifying the surface of aspen wood, Gong et al. 
(2010) at the University of New Brunswick tested a post-treatment stage in 
a closed system with heat and steam at temperatures between 190 and 
210°C. A reduction in set-recovery of 90% was achieved at a treatment 
temperature of 200°C, but the treatment also reduced the hardness of the 
densified wood, probably due to thermal degradation of the wood 
constituents. Thermal post-treatment combined with steam-injection at a 
temperature of 200°C was tested by Laine et al. (2013c) at Aalto 
University, 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.  

Thermal post-treatment under unsaturated humidity conditions (similar 
to regular thermal modification) was tested by many researchers in many 
studies, with similar results: The set-recovery can be virtually eliminated 
but the process requires temperatures of 180°C or more over a period of 
several hours (Cai et al. 2013, Pelit et al. 2014, Laine et al. 2016a, Esteves 
et al. 2017). 

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, consisting of veneers impregnated with furfuryl 
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alcohol, and the resulting wood-based material had a greater hardness and 
a greater dimensional stability. Pfriem et al. (2012) at HNE Eberswalde 
and TU Dresden applied this approach to bulk-densified beech wood. The 
set-recovery was reduced from 89% (untreated densified wood) to 17% 
(furfurylated densified wood at 40% weight percentage gain).  A linear 
relationship between weight percentage gain (WPG) and the reduction in 
set-recovery was observed.  

Meanwhile, Kamke’s group at OSU reported a study based on the old, 
veneer-based Compreg approach of impregnating wood with a PF resin. 
The impregnation was carried out via a vacuum/pressure process with a 
total treatment time of 45 minutes. After impregnation, thin hybrid poplar 
specimens with a thickness of 6 mm were densified by the VTC process. 
The set-recovery was almost totally eliminated at a resin concentration 
level of 10% (Gabrielli et al. 2010). 

Khalil et al. (2014) impregnated agatis wood with a combination of styrene 
and methyl methacrylate before a bulk densification to 50% of its initial 
thickness. They measured the volumetric swelling and reported a 
reduction by approximately 75% compared with untreated wood. The 
impregnation process time was 100 minutes. 

The group at Mendel University studied a treatment with ammonia for 
plasticisation prior to densification to reduce the set-recovery, a principle 
earlier studied by Conrad Schuerch in the USA (Schuerch 1963, Schuerch 
et al. 1966). Treatment with ammonia breaks hydrogen bonds within the 
amorphous and crystalline cellulose regions, as well as in the lignin matrix, 
thereby allowing full plastic deformation of the wood, with a minimal 
contribution of elastic deformation, resulting in a reduction in the set-
recovery. Schuerch found that a treatment with gaseous ammonia is 
inferior to liquid ammonia because of the treatment time required and the 
level of plasticisation achieved. The Mendel group studied densified beech 
wood specimens, pre-treated with gaseous ammonia for up to 30 hours, 
and they observed that the volume swelling was only slightly higher than 
that of undensified native beech (Pařil et al. 2013). 

Laine et al. (2016b) tried to eliminate the set-recovery by acetylating 
radiata pine prior to surface densification. 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 
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untreated specimens was about 75%, while the set-recovery of the 
acetylated specimen was only about 25%.  

Song et al. (2018) used a pre-treatment with sodium hydroxide and 
sodium sulfite and they reported a substantial decrease in set-recovery, but 
the process time was more than 30 hours. 

A study of various approaches employed to eliminate the set-recovery 
reveals a clear pattern: a short process time requires a closed system, as in 
THM processing, VTC processing, or impregnation with resins. Open 
systems, as in TM processing, are time-consuming and substantial 
amounts of energy are then needed for heating. 

3.4.4 DENSITY PROFILE AND MORPHOLOGY 

To gain a deeper understanding of the behaviour of wood during and after 
densification, several studies have focused on aspects such as the density 
profile and morphology of the densified wood. Especially in the context of 
surface densification, the density profile is of great importance, as it has a 
strong effect on the hardness.  

Wang & Cooper (2005b) at the University of Toronto examined different 
factors influencing the density profile of TM-compressed balsam fir wood, 
and they found a more pronounced density peak close the surface of 
specimens with at a lower initial moisture content, and with shorter press 
closing times. These results are intuitive, as both a high moisture content 
and a long press closing time facilitate the softening of the specimen core, 
thereby flattening the density peak. This basic observation was later 
confirmed in several studies by other research groups (Rautkari et al. 2011, 
Laine et al. 2013a, Tu et al. 2014, Laskowska 2017, Zhou et al. 2019).  

Wang & Cooper (2005a) examined the effect on the resulting density 
profile of the annual growth ring orientation in the cross-section of Balsam 
fir and black spruce. Flat annual growth rings (densification in the radial 
direction) resulted in a density peak closer to the surface than vertical 
annual growth rings (densification in the tangential direction). In the case 
of softwoods, there is a risk that the whole piece of wood may be crushed 
when densified in the tangential direction (Sandberg 1998). 

Kutnar et al. (2009) conducted a study on the density profile and 
morphology of wood densified by the VTC method. They found that the 
density profile is affected by the temperature and moisture gradient in the 
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wood during the densification process. The vapour decompression stage 
may lead to moisture gradients which are dependent on the specimen 
thickness, and this led to differences in the density profiles of specimens of 
different thicknesses. The deformation itself is mostly due to buckling of 
the cell wall. 

The group led by Lauri Rautkari at Aalto University conducted several 
studies of the density profile and morphology of surface-densified wood. 
Laine et al. (2014) investigated the cell-wall deformation due to 
densification in a heated press as a function of the pressing temperature 
and the press closing time, and they found that the deformation started in 
the earlywood regions close to the abrupt border to the latewood, which 
are the weakest parts of the specimens under radial densification. 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 the wood can be increased 
without damaging the cell walls (Fig. 10). 

 
Fig. 10: SEM images showing cross-section views of wood 
densified at different levels in the radial direction (Laine et al. 
2014). 

The cupping behaviour of surface-densified wood was examined in a 
collaboration between Aalto University and Napier University in Scotland 
(Belt et al. 2013). Generally, cupping is the bending of a piece of wood, 
which is an anisotropic material, when the climate conditions change. 

NOT DEFORMED SLIGHTLY DEFORMED HIGHLY DEFORMED
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Apparently, the cupping behaviour is affected by the densification process 
parameters, in particular by the compression ratio. Specimens with a low 
compression ratio cupped towards the undensified side, while specimens 
with a high compression ratio cupped towards different sides depending 
on the other process parameters, such as initial moisture content, pressing 
time, and pressing temperature. The underlying mechanisms causing the 
cupping are probably related to the density profile characteristics and 
potential moisture gradients due the one-sided and asymmetric process. 

Not all the studies into the surface densification of solid wood were of a 
purely experimental nature, and the generic mechanical behaviour of 
cellular materials, such as wood, has been described by Gibson & Ashby 
(1988). During transverse compressive loading, a typical stress-strain curve 
of wood has three distinct regions corresponding to three different types 
of cell deformation. The initial part of the stress-strain curve for wood is 
linear elastic, where the strain is directly proportional to the applied stress 
and the cell walls experience elastic deformation. The second part is the 
plastic or collapse region, where the stress is relatively constant even 
though the strain increases rapidly, i.e. the wood continues to deform 
under an almost constant stress. A yield point marks the beginning of 
cellular collapse. After the plastic region, the stress increases sharply with 
increasing strain, due to densification of the cell wall material after the 
majority of the cell walls have collapsed and all the voids are closed. The 
point at which each region is initiated depends on the cell geometry.  

In 2007, Nairn reported a numerical study on the transverse bulk 
densification of wood (Nairn 2007), and Fortino et al. (2013) made a finite 
element (FE) simulation of the hygro-thermal behaviour of surface-
densified wood, and compared the results obtained with their model with 
experimental data collected from densifying clear sapwood specimens of 
Scots pine. Even though the FE 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-thermo-mechanical analysis of the behaviour of 
wood during densification. 
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3.4.5 WATER SORPTION PROPERTIES 

This section covers studies about interactions between densified wood and 
water, contact angle measurements, surface energy measurements and 
related topics. 

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. Kutnar et al. (2012) 
examined the wetting of surface-densified Scots pine by measuring contact 
angles and determining the surface free energies after densification and 
after additional treatments with heat or linseed oil. Studies of the surface 
energetics of bulk-densified wood have been carried out by Jennings et al. 
(2006) and by Kutnar et al. (2008a). The densification resulted in a rather 
hydrophobic wood surface, probably due to thermal degradation caused 
by the pressing temperature of 150°C. The densification also led to a 
reduction by approximately 25% in the surface free energy. Post-
treatments with heat or oil reduced the wettability and surface free energy 
even more, the oil treatment being found to be slightly more effective in 
that regard.  

A study that can be attributed to Rautkari’s group showed that the 
densification of wood – in combination with a thermal post-treatment – 
reduces the hygroscopicity of wood, but increases the hysteresis between 
adsorption and desorption in the sorption isotherm. The degradation of 
wood constituents during thermal modification appears to have the 
dominant effect on this observation (Hill et al. 2012). In a follow-up study, 
the authors investigated the swelling of surface-densified wood as a 
function of the exposure to different levels of relative humidity. Whole 
cross-sections including the undensified regions were tested. Interestingly 
the thickness swelling at a relative humidity of 98% was lower than that 
observed after water soaking (Laine et al. 2013b). I was not able not 
confirm this finding in my own experiments (unpublished), where 
exposure to vapour-saturated air instead of water only slowed down the 
rate of swelling, but did not affect the maximum swelling. 

The finding that the densification of wood in a hot press decreases the 
hygroscopicity could be confirmed by Reiniati et al. (2015), with the size 
of the effect increasing with increasing pressing temperature. This 
supports the hypothesis that the driver of this effect is the thermal 
degradation of the wood. According to Navi & Giradet (2000), 
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densification under steam conditions reduces the hygroscopicity even 
further. A study on densified birch plywood, conducted by Bekhta et al. 
(2018) at the National University of Forestry and Wood Technology of 
Ukraine and the Poznan University of Life Sciences in Poland, gave 
similar results, as did studies by Arruda & Menezzi (2013) and by Pelit et 
al. (2016). 

3.4.6 CHEMICAL CHANGES 

Investigations of the chemical changes caused by the various methods of 
wood densification were not pursued as actively as some of the other focus 
areas.  

In a study that also examined the surface energetics of VTC-processed 
wood, Kutnar et al. (2008a) conducted Fourier transform infrared 
spectroscopy (FTIR) to detect potential chemical changes. No significant 
changes between the spectra of the control group and the VTC wood were 
observed. The authors speculated, however, that during the first phase of 
the VTC processes, acetic acid could have been formed from the 
celluloses, and this would further catalyse the cleavage of carbohydrates 
and lignin. In the second (venting) and third (compression) phases, 
autocondensation of the lignin could occur through the formation of 
methylene (–CH2–) bridges connecting two phenolic nuclei. This would 
lead to cross-linking between lignin and carbohydrates.  

FTIR technology was also used by Rautkari’s group in order to detect 
possible chemical changes caused by surface densification with the friction 
welding approach (Rautkari et al. 2010b). In agreement with the group 
from OSU, they found no changes in the FTIR spectra, which could be 
due to the short treatment time. A follow-up study employing X-ray 
photoelectron spectroscopy (XPS) examined differences in the surface 
chemistry of Scots pine wood, which was surface-densified in a friction-
welding machine or in a heated press (Rautkari et al. 2012). The friction 
welding approach led to a more even distribution of the extractives on the 
densified surface of sapwood specimens, probably due to the motion 
involved in this method. Such a layer of extractives could have a positive 
effect on the resistance to biological degradation. For heartwood 
specimens, no significant differences between the two different 
densification methods were found. 
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More recently, the group at Laval University studied the effect of the 
chemical composition of radiata pine wood on various properties of 
THM-processed specimens (Cruz et al. 2018). The authors found 
significant correlations between the lignin-content, a-cellulose, 
hemicelluloses, and the properties of the densified wood, such as its MOE 
and hardness. 

Song et al. (2018) used high-performance liquid chromatography to 
analyse the composition of the sodium hydroxide- and sodium sulfite- 
treated and densified wood. The observed removal of lignin led to a much 
tighter compression of the wood cells, which resulted in tremendous 
improvements in its mechanical properties. 

3.4.7 INDUSTRIAL IMPLEMENTATION 

Thus far, only a few wood densification applications have been 
successfully industrialised. There are many reasons for this relatively low 
transfer of research and development activities to a fully up-scaled 
industrial production. Some of them are related to unsolved problems at 
the laboratory level and others are related to the scaling-up processes in 
the industry. Another reason was the lack of adequate consideration of the 
plasticisation and stability of the products. The latter issue was solved by 
the development of resin-impregnated densified products (typically with a 
low molecular weight resin such as PF), which are today being 
commercially produced. Advances are, however, still being made in these 
concepts e.g. to increase productivity and to develop more environment-
friendly processes. 

The COST Action FP 1407 Understanding wood modification through an 
integrated scientific and environmental impact approach – ModWoodLife was 
initiated in 2015, with a 4-year programme aiming to investigate 
modification processing and product design with an emphasis on their 
environmental impacts. A recent task within the framework of this COST 
Action was to outline the current status of wood modification across 
Europe in terms of national inventories (Jones et al. 2019). Based on the 
reported production volumes and on subsequent investigations, the 
annual production volume for the coming year for densified wood in 
Europe was estimated to be 2,000 m3, which is to say the least, a very 
modest volume.  
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Most of the annual volume of densified wood on the market consists of 
resin-impregnated densified veneer products, while solid resin-
impregnated timber boards are rare. Some example of names or 
tradenames of densified material, some of them not existing anymore, are: 
Bakelisiertes Holz, Carbonwood, Compreg, Delignit, Delignit-Feinholz,   
Dehonit, Hydulignum, Insulam, Insulcul, Jablo, Jabroc, jicwood, 
Kunstharzschichtholz, Lignofol (Preβschichtholz), Lignostone 
(Preβvollholz), MyWood2, obo-Festholz, Panzerholz (Delignit), 
Permawood, Permali, Pregwood, Ranprex, Sonowood, Staypak,  
Surendra, Transformerwood, and VANyCARE. Typical products made 
from this type of densified wood are storage containers for liquid natural 
gas and associated support structures, wear plates for machinery and 
transportation vehicles, machine-pattern moulds, tooling, jigs, bullet-
proof barriers, security panels, transformer parts, neutron shielding, audio 
component cases, and some structural building components. 

The production of densified wood on a more industrial scale was started 
by the Austrian brothers Pfleumer during the First World War (Kollmann 
1936). In the spring of 1915, the engineers Fritz and his brother Hermann 
developed a new material, Lignostone, in their Dresden laboratory during 
the development of synthetic rubber. In June 1915, they applied for a 
patent for a "method for compacting wood", which was granted on May 
17, 1916. In 1919, a Lignostone factory was built in Holland on a licence 
basis, and in 1920, the Röchling Group took over all activities with 
Lignostone and they still produce densified wood. Other trademarks for 
resin-impregnated densified wood are more or less based on the brothers 
Pfleumer’s concept, including Compreg which was presented by Stamm 
and Seborg in the 1940s. Compreg was produced for aircraft propellers 
by the Formica Insulation Company in the 1940s under the trade name 
of Pregwood, and versions of Compreg are today being produced on an 
industrial scale in e.g. Germany, Poland, and USA. The company Swiss 
Wood Solutions was founded in 2016 as a spin-off from ETH Zürich and 
EMPA. Their main product is impregnated and densified wood, for 
example for musical instruments (Sonowood), avoiding the use of tropical 
species such as ebony (Jones et al. 2019).  

Some less successful flooring products have also been introduced on the 
market, where attempts have been to eliminate the set-recovery with other 
methods than a curing resin, e.g. with wax impregnation (Tarkett flooring 
company) or by mechanical locking in a layered construction (Kährs 
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flooring company).  In Japan, the MyWood2 Corporation has successfully 
commercialised a thin resin-impregnated densified wood product, which 
is used for engineered wooden flooring, a potentially very large market 
sector. The company claims to have provided their products to 350 
buildings around Japan. 

These densified wood products have never risen above the status of 
expensive niche-products, often for very specific applications, perhaps due 
to three limitations: the needs for a closed system and large amounts of the 
impregnation substance, and long process times. 

In the late 20th century, several new densification projects with a different 
approach from the resin-impregnated densified wood were started, some 
of them initiated from university research, and others from a more 
industrial environment. The projects have however in common that, as of 
2019, none of them have been successfully introduced on a large industrial 
scale. 

The CaLignum process 

In the CaLignum process, wood is  densified through semi-isostatic 
compression in a Quintus press. The Quintus press technique was 
developed by ABB (Quintus Technologies AB, Sweden) and is used for 
high-pressure sheet metal forming. A single rigid tool half is combined 
with a flexible rubber diaphragm as the other half of the tool. The 
diaphragm causes a hydrostatic pressure on the material in the rigid tool 
as it is filled with oil. The pressure used is extremely high (80-140 MPa) 
compared to the pressure used in wood densification.  

The idea to densify wood in a Quintus press was patented by Castwall 
and Lindhe (1999), hence the name of the process. By compressing wood 
in a Quintus press, the density is increased and the strength properties are 
improved without any major macroscopic checking. The rubber-
diaphragm compression means that structures of the wood with a higher 
density are compressed less than softer structures, giving the compressed 
wood a homogeneous density but an irregular shape, unless the main 
directions in the wood are almost parallel to the surfaces of the densified 
sawn timber (Fig. 11). The process takes about 3 minutes. The pressure 
rises gradually up to 80 MPa, and is then immediately lowered to 
atmospheric pressure. No heating or other softening is needed. The 
moisture content of the wood is important and should be between 5 and 
15% (Blomberg et al. 2005). At the beginning of the compression process, 
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the pressure is unidirectionally perpendicular to the press plate. As the 
pressure increases due to the filling of the rubber diaphragm with oil, the 
diaphragm closes around all wood faces except for the face placed on the 
rigid press table, and the pressure becomes semi-isostatic. In a further 
study, Blomberg (2006) showed that wood compressed at 140 MPa had 
an almost compact structure but that spring-back was large when the 
pressure was released, indicating that the application of a higher pressure 
does not reduce the elastic strain.  

 
Fig. 11: The principle of semi-isostatic compression that also 
shows the irregular shape that non-flat-sawn wood exhibits 
after densification. 

The CaLignum process went quite a long way, had backing from the 
industry and actually reached the market. The technology was acquired 
by the Tarkett Company (Nanterre Cedex, France), who also announced 
their intention to produce a densified eucalyptus flooring product in 2011. 
Ultimately though, the product was not successful, apparently due to an 
unclear long-term performance in terms of set-recovery and due to high 
process costs, in part caused by the process itself and high material losses 
from further processing.  

The PrimWood concept 

In 2000, a patent was issued to the Swedish company PrimWood AB for 
a continuous process using an open-system band press to radially compress 
wood (Kifetew & Wiklund 2000). This process primarily utilises a simple 
solid wood densification technique based on the compressing of defect-
free sawn timber with vertical annual rings in the radial direction by 
restraining the tangential expansion. No softening of the wood is needed 
before densification, and the set-recovery issue was solved by lamination, 
after the densified sawn timber had been split to thinner sections. Nilsson 
et al. (2011) developed this idea further in a three-layered cross-laminated 
composite product aimed for flooring and table tops, where the densified 
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wood was used as a service layer. Shape-stability issues with the laminate 
revealed the significance of the service-to-bottom layer thickness ratio. A 
cross-laminated composite is one of the promising mechanical methods 
for improving the shape stability of densified wood products. This 
approach circumvents the potential problem of having knots in the wood 
when a bulk-densification method is used. The proposed product is not 
commercially available. 

The VTC process 

Frederick Kamke from OSU was one of only a few people who appeared 
to make a serious effort to develop a continuous densification process, 
which addressed the limitations of impregnated densified wood. A patent 
issued in 2004 (Kamke & Sizemore 2004) presented the concept of a 
multistage-continuous densification machine, using both roller and belt 
systems (Fig. 12), to produce densified wood according to the VTC 
method. Rather cleverly, the heated belt system made from vapour-tight 
materials would be able to create the correct steam pressure conditions 
inside the wood (provided it enters the machine with the correct moisture 
content, essentially creating a closed system process in an open-system 
continuous densification machine. Unfortunately, the machine was never 
built, and at this point in time, there seem to be no further efforts into this 
direction. 

 
Fig. 12: Schematic drawing of the continuous VTC processing 
machine presented by Kamke & Sizemore (2004). 

The moulded tube concept 

In order provide engineered wood products for structural applications, 
tubes or columns of densified glued-laminated timber boards of different 
species have been developed by Haller et al. (2004). Such tubes have a 
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much larger load-bearing capacity than solid wood. The THM-formed 
(open process) tubes can be optionally reinforced with technical fibres 
and/or textiles laminated to the outer wood surface to strengthen and 
protect the tube against decay. Besides structural applications in civil 
engineering, the tubes can also be used as water pipes (Putzger et al. 2011). 
This invention has now been further developed and is close to being ready 
for introduction onto the market. 

The manufacture of the tubes has been described by Haller et al. (2002) 
and Haller (2007), and is briefly summarised here. Spruce boards with an 
initial moisture content of about 12% are densified at 120°C and cooled 
to 80°C for the production of edge-glued panels. The subsequent forming 
process utilises the “shape memory”, where the panels are pre-treated in 
a steam chamber prior to shaping the tube in a specially designed plant. 
The tube has a diameter of 30 cm and a length of 3 m. Tubes with any 
longitudinal and transverse dimensions can thus be obtained, with the 
smallest radius dependent on the degree of densification. 

The MDF-press concept 

Hamzeh Sadatnezhad from Iran, in collaboration with my group at Luleå 
University of Technology, conducted a surface densification experiment 
with a continuous MDF-press (Sadatnezhad et al. 2017). In this study, 
applying the band press principle, the densification process was divided 
into several heating and densification zones, with the densification 
temperature going up to 235°C. The density profile obtained had 
pronounced density peaks close to both the upper and lower surfaces, 
which showed a 50% increase in density. The study was of a conceptual 
basis, but it clearly shows the potential of using a band press technique for 
surface densification. 

Studying the whole dataset of studies into the densification of wood, it 
appears that research groups from all over the world have gathered deep 
knowledge about the subject, but that real efforts to develop methods 
suitable for a large-scale industrial densification process are almost absent 
from the immense body of accumulated work. It is not clear whether this 
is due to a lack of effort or because it is too difficult to achieve. 
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3.5 THE BIGGER PICTURE 

Sections 3.3 and 3.4 have provided an overview of the historical 
development of wood densification in relation to the most important focus 
areas. In these two sections, the work of the major research groups in the 
these areas has been introduced and summarised. The goal of the present 
section is to zoom out and extract patterns from the rather high resolution 
summary of the state-of-the-art presented in the previous sections. 

Fig. 13 presents an overview of the research activities of most of the groups 
in the field of wood densification over the past 70 years, and Fig. 14 adds 
information about the focus areas of the major research groups in the past 
20-30 years, based on the dataset described in the beginning of chapter 3.  

These groups were determined based on their level of activity, taking into 
account the number of publications, collaborations with other groups, 
presence at conferences, and the impact they had on progress in the field 
of wood densification as a whole. The selection is subjective and can 
certainly be disputed, but for reasons of simplification and because these 
groups together are largely representative of the field, the following 
analysis is based on them. This approach has the risk of missing important 
research that did not take place within the major research groups as they 
are defined here, but to my knowledge there are no such cases that would 
contradict the validity of this approach. 

With regard to industrial implementation, the group at TU Dresden 
under the leadership of Peer Haller has been quite active and on the road 
towards trying to commercialise densified wood tubes. However, as their 
product is very specific and their contributions in the form of scientific 
publications have been rather few, they are omitted from the selected 
groups listed below. From here on, the literature analysis takes into 
account only these major groups unless stated otherwise: 

- EPFL Lausanne, the group led by Dr. Parviz Navi. 
- Kyoto University, with Dr. Masafumi Inoue appearing to be the 

main contributor. 
- Laval University, with Dr. Alain Cloutier as the group leader. 
- Aalto University, led by Dr. Lauri Rautkari. 
- Mendel University/University of Sopron, driven mostly by Dr. 

Peter Rademacher. 
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- Oregon State University (OSU), which was mainly driven by Dr. 
Frederick Kamke and Dr. Andreja Kutnar, who at the time was 
affiliated to the University of Ljubljana in Slovenia. 

 
Fig. 13: Overview of the research activity of different groups 
in the field of wood densification as a function of time.  

Studies concerning the hardness of densified wood were separated from 
studies of other mechanical properties, as the hardness is a critical 
parameter for the work presented in this thesis. As mentioned in section 
3.3, until the 1980s, studies into wood densification were quite sporadic 
and mostly originated in USA, with the FPL in the forefront. Because of 
the comparatively low activity during those early years, this period of time 
is omitted from Fig. 14, and this also applies to the figures presented in 
chapter 4. 

During the 1990s and early 2000s, the groups at Kyoto University and 
EPFL Lausanne showed the highest activity. The group led by Parviz Navi 
at EPFL focused heavily on THM processing, and this principle was then 
taken over and further developed by the OSU group with their VTC 
process. This group was most active between 2004 and 2013 and was 
perhaps the driving force in this field of research for roughly a decade. 
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Since then, the group at Laval University has taken over the baton of 
studying THM processing and is continuing to do so.  

 
Fig. 14: Overview of the research activity of the major groups 
in the field of wood densification as a function of time and 
focus area. The contributions of this PhD project are shown in 
black. 

Towards the second half of the 2000s, more and more groups became 
active in the field of wood densification and, probably starting in Pizzi’s 
group at the University of Lorraine in France, the subject of surface 
densification was taken up again after it seemed to have been ignored since 
the studies during 1960s at the FPL. Pizzi started to use friction welding 
equipment for surface densification and this principle was then employed 
by Rautkari and his group at Aalto University, before they switched to 
using a hot press. Between 2010 and 2016, the Aalto group has clearly 
been one of the most active groups in the field of not only of surface 
densification, but of wood densification in general.  

As seen in Fig. 15, the Aalto group also seems to have collaborated the 
most with other research groups. In contrast, most of the other active 
groups remained alone, or established local clusters with other groups in 
the vicinity. In addition, as seen in Fig. 14, Rautkari’s group covered the 
widest array of focus area with its studies, which was facilitated by 
collaborating with many other groups and their respective skill sets. 

The previous sections hinted at some research gaps in the field of wood 
densification, and this can also be seen in Fig. 14. Chapter 4 will go deeper 
into this aspect and thereby highlight the importance of the work 
presented in this thesis. 
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Fig. 15: Connections between the major research groups in 
the field of wood densification. The most active groups are 
marked by coloured circles. Black dots indicate less active 
groups. The group at Kyoto University has been omitted 
because they did not collaborate a lot with other groups and 
to increase the resolution of the most active regions in Europe 
and North America. 
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4  THE RESEARCH GAP 

4.1 IDENTIFYING THE RESEARCH GAP 

The increasing activity in the field of wood densification over the past two 
decades suggests that the subject is ground-breaking and new. Chapter 3 
shows however that this is far from being the case. The oldest academic 
publications about wood densification are about 70 years old, and older 
patents can be found. Densified wood products have been on the market 
at least since the 1920s, and they are still there, albeit as niche products. 
More recent studies during the past 20-30 years have provided a 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 without the use of additives such as a curing 
resins have suggested several promising approaches, some of them highly 
effective from a technological point of view. However, upon closer 
examination there are several research gaps to be addressed and research 
questions to be answered in order to make a substantial step towards the 
large-scale industrial production of densified wood products. 

Fig. 16 presents a qualitative assessment of the studies conducted by the 
major research groups as defined in section 3.5, categorised on a spectrum 
from fundamental to applied research, where fundamental research refers 
to studies investigating the underlying mechanisms of wood densification, 
and where applied research refers to studies investigating how different 
parameters affect those properties of densified wood that are of high 
relevance for industrial implementation. Most studies cluster more or less 
around the middle, slightly more on the fundamental side. No trend 
towards more applied research over the years, which would indicate a 
movement towards industrial manufacturing, can be observed in the 
publications. Only the group from Laval University appears to have 
moved more towards applied research over the past ten years. 

Examining the research activity (based on the number of publications in 
the dataset) of the major groups with respect to the focus areas, several 
‘hot-spots’ and several gaps are present (Fig. 17). The greater the distance 
from the centre of the plot in a given direction, the more active is the group 
in the respective focus area.  
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Fig. 16: Fundamental vs. applied research in the field of 
wood densification since the 1980s, taking into account the 
major research groups as defined in section 3.5. 

Over time, the groups at EPFL Lausanne, Kyoto University and Laval 
University have been focusing primarily on only a few areas: the 
mechanical properties and the set-recovery. In contrast, the groups at 
Aalto University and OSU have covered a greater area within the field of 
wood densification. In general, studies into the mechanical properties, 
process parameters and set-recovery have shown the most activity, while 
there are gaps in the focus areas industrial process, morphology, and to 
some extent in the focus area of hardness. However, in the case of the 
hardness, high activity appears to be positively related to groups focusing 
on surface densification. This may be because the relationship between 
the density profile and the hardness is less clear than that in the case of 
bulk-densification. 

 
Fig. 17: Research activity of the major research groups 
according to the focus areas in the field of wood 
densification. 
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The observed gaps indicate several problems. In the focus area of 
industrial process, all previous studies within the major research groups 
for densifying solid wood – except for these of the OSU group – rely on 
batch-type processes in which wood is put into a pressing device, followed 
by the densification process, after which the wood is taken out of the press, 
and the process starts again. Even with high levels of automation, there 
are limitations when it comes to integrating such a process into the whole 
wood processing chain, which is in general of a continuous nature. In the 
early days of densified wood products, this was not a 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 as times of war 
prevailed in many cases. This approach works well for niche products, but 
it has not yet been successfully applied for large-scale production.  

Apart from this main obstacle, 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 wood 
is a sensible choice for gaining an understanding of what happens during 
the densification process, but it does not reflect the conditions found in an 
industrial production process.  

In the focus area of set-recovery, the methods studied for reducing the set-
recovery are either very time-consuming with hour-long process times of 
constant energy input, or they are complex from a technological 
viewpoint, requiring a closed system. Impregnation treatments are mostly 
carried out in vacuum/pressure vessels, which means that they are a type 
of batch process. The same applies to steam treatments, which allow 
rather short treatment times while being highly effective in eliminating the 
set-recovery. Heat treatment without steam may last for several hours.  

Another aspect barely taken into account in previous studies is the range 
of wood species that were thus far used for densification. In order to 
promote the use of densified wood products, it is necessary to identify as 
many wood species as possible that have a particularly high potential to 
increase in performance and value as a result of such a treatment. 
Thousands of wood species are commercially available around the world, 
and there are probably many suitable alternatives to the wood species 
studied in the past. 
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To summarise the obstacles and problems, it can be said that research into 
wood densification has reached a point at which the general level of 
knowledge is high, but only on a laboratory scale. In order to be able to 
produce well-functioning densified wood products on an industrial scale, 
it is necessary to develop a fast densification process that is suitable for 
integration into the wood processing chain, and this includes methods to 
substantially reduce the set-recovery and the use of wood raw-material 
grades similar to those currently available on the market. 

4.2 THE APPROACH TO THIS PROJECT – THREE PATHS 

Recognising the fact that a large number of studies into the densification 
of solid wood have generated a lot of knowledge but have not led to 
densified wood being a mass-produced product, my vision is to change this 
situation. It is clearly a challenging task, and bridging the gap between 
laboratory research and industrial implementation is beyond the scope of 
a single PhD project, but my goal was to get the stone rolling. 

The literature analysis of studies into wood densification, revealed the 
focus areas, which this project should address to reach my vision: the 
industrial process, hardness, and, very importantly, the set-recovery (Fig. 
18).  

 
Fig. 18: Research activity of the major research groups with 
regard to the focus areas on the left, and the respective 
contributions of this project over time overlaid on the right 
(grey area). 

A low set-recovery is an essential requirement for the successful 
commercialisation of densified wood products and in this sense it is 
strongly related to the focus area of the industrial process itself. The 
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morphology of densified wood as an area of interest was not directly linked 
to the vision of this project, but it became relevant while pursuing methods 
to reduce the set-recovery. 

In order to follow the four focus areas of interest in a more structured way, 
the project was divided into three paths, as shown in Fig. 19 and Fig. 20: 

1. Selecting the most suitable wood species for surface densification. 
The development of a method to identify those wood species that 
have the greatest potential to benefit from surface densification 
technology. This path corresponds to the focus area industrial 
process, as the objective is to maximise the potential of wood 
densification technology. 

2. Continuous densification process: Two experiments with roller 
pressing equipment in collaboration with the steel research 
institute Swerea Mefos in Luleå. This path corresponds to the 
focus area industrial process and also included treatments to 
reduce the set-recovery and investigations into the morphology, 
i.e. density profiles of the wood. 

3. Elimination or considerable reduction of the set-recovery: 
Research into a fast pre-treatment with ionic liquids or organic 
superbases in an open system. This path corresponds to the focus 
area set-recovery. In addition, the treatments studied were also 
interesting in terms of hardness, and the morphology became 
relevant to gain a better understanding of those treatments. 

 
Fig. 19: How the three paths of this project correspond to the 
focus areas of interest. 
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Fig. 20: Overview of the publications and how they contribute 
to the project and fit into the three paths of which this project 
consists. 
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The first two publications explored a new approach to the selection of the 
most suitable wood species for surface densification. Publication I focuses 
on the method development, whereas Publication II is about the 
application of the method in the context of surface densification. This first 
path of the project ended after the first two publications, but might again 
become relevant further down the line, if the surface densification 
technology comes close to industrial implementation. The first path was 
not interconnected with the second and third paths. 

The second and thirds partly path ran in parallel, but it is perhaps more 
accurate to treat them as two parts of a larger picture. On the second path, 
it was decided for two reasons to explore the potential of a continuous 
surface densification process: firstly, a continuous process can be faster 
than a batch process, as it is possible – in theory – to feed infinitely long 
wooden boards through such a process, and secondly, it is easier to 
integrate a continuous process into the existing wood processing chain. 
Together with the steel research institute Swerea Mefos in Luleå, Sweden, 
two experiments were conducted that explored the potential of using roller 
pressing equipment for the surface densification of boards of Scots pine. 
The approach worked in principle, achieving the desired density profiles 
at a speed of up to 80 m min-1. However, the set-recovery was not 
eliminated, and this led to the third path of the project. 

As described in section 3.4.3, the plasticisation of wood is important not 
only for the subsequent densification stage, but can also affect the set-
recovery. Achieving sufficient plasticisation of all the wood components, 
including cellulose, opens up the possibility of reducing the set-recovery 
without any post-treatment or impregnation with heat-curing resins. 
Instead of eliminating the effects of the set-recovery phenomenon, its 
underlying mechanism is prevented from occurring in the first place. 
Furthermore, if a post-treatment stage is not needed, the process chain is 
simplified, which is beneficial for industrial implementation. Plasticising 
treatments that reduce the set-recovery phenomenon include THM 
processing, which was studied by most of the major research groups (Fig. 
21), and ammonia treatment, whose effects were studied by the 
Mendel/Sopron group. Thermal modification as a post-treatment was 
studied by many groups, as were impregnation treatments, often using PF 
resin.  

A special way of preventing set-recovery is by mechanical locking of 
densified wood as part of an engineered wood product, but this requires 
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an adhesive or some other fastener. One can argue that this method does 
not reduce the set-recovery, but only blocks it from being put into effect. 
For this reason, mechanical locking is not considered in this thesis. 

 
Fig. 21: Research activities of the major research groups 
concerning the elimination of the set-recovery by different 
methods. 

Existing methods to reduce the set-recovery fit into one of two categories: 
(1) open system methods with long process times of continuously adding 
energy to the system, or (2) closed system methods with considerably 
shorter process times than the open system methods, but which are 
technologically more complex. For this reason, the decision was made to 
continue with small-scale experiments to develop a method of reducing or 
even eliminating the set-recovery with the following two requirements:  

1. Preferably an open system, as it may be more difficult to combine 
a closed system with a continuous densification process. 

2. The time period during which substantial amounts of energy need 
to be added to the system, e.g. heating above 100°C, should be 
short, e.g. less than 10 minutes. 

Based on these two requirements, one area that had not been explored in 
previous wood-densification studies was short chemical treatments in an 
open system. With the help of Lauri Rautkari from Aalto University, I 
studied surface-pre-treatments with sodium hydroxide, sodium silicate, 
methyl methacrylate resin, or ionic liquids. The reductions in set-recovery 
achieved were small, but the pre-treatment with ionic liquids appeared to 
merit a deeper investigation. This pre-treatment achieved a reduction in 
set-recovery by 90%, and at the same time it fulfilled the two requirements 
presented above. The last phase of this path was dedicated to finding out 
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more about the underlying mechanisms of the ionic liquid pre-treatment, 
considering the morphology, and a patent application for the proposed 
pre-treatment was submitted. Throughout the third path, the effect of the 
treatment on the Brinell hardness was a major factor. 

Since this treatment to reduce the set-recovery is in principle translatable 
into a continuous process, although not tested on a large scale, concepts 
of  a continuous densification process improving upon the limitations of 
the roller pressing approach were generated. It was decided that a band 
press approach would be more suitable, and this is discussed in detail in 
the sections 5.2.4 and 6.2.1. By the end of 2018, such a press with the 
capability of densifying full-sized flooring boards at a speed of up to 60 m 
min-1 had been designed, and at the beginning of 2019 funding for such a 
machine was secured. Unfortunately, the new machine will not be 
manufactured before this PhD thesis is presented, but it is planned that 
research will continue afterwards. 
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5  THE CORE OF THIS THESIS 

This section presents the research done in this project and reviews the 
general approach, methods, results and discussion of each of the three 
paths shown in Fig. 20.  

5.1 SELECTING WOOD SPECIES FOR DENSIFICATION 

This section summarises Publications I and II. 

5.1.1 BACKGROUND AND GENERAL METHOD 

Identifying and selecting the most suitable wood species for surface 
densification was deemed 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 (see e.g. Kutnar et al. 2009, 
Gong et al. 2010, Kamke & Kutnar 2011, Rautkari et al. 2011, Pfriem et 
al. 2012). The currently commercially available densified wood products, 
such as Compreg, rely mostly on beech wood. 

The objective of this path was to develop a quantitative and requirement-
based method to identify those wood species that have the highest 
potential to benefit from surface densification technology. The 
development of the method was founded on the principles of ‘Lean’ 
thinking in general, and Lean product development methodology in 
particular, for example as described by Westrick & Cooper (2012). This 
way of thinking is usually associated with the principle of technology-pull, 
in contrast to technology-push, which is still common in many businesses. 
Businesses employing the technology-push principle come up with new 
products that they deem to be innovative and try to force them on the 
customers. This often leads to product features that do not create value to 
the customers, and are thereby a waste of resources. Businesses employing 
the technology-pull principle try their best to determine the problems the 
customers are facing, and use that information to come up with 
innovations that solve those problems in the best way possible. Simply put, 
a feature which does not solve a problem for the customers is not a good 
feature. Hence, Lean product development starts with understanding the 
customers and what value means for them. Based on customer needs, it is 
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then possible to determine target specifications for the product in question, 
and based on those specifications, possible solutions and concepts can be 
generated, and so on. The crucial aspect is to assess the outcome of each 
step in terms of the value it creates for the customer. 

The method developed as a part of this project applies this line of thinking 
to a four-step process, which is described in Publication I. Several 
techniques also used in Lean product development, such as the analytic 
hierarchy process, quality function deployment, and multivariate data 
analysis (MVDA) were combined into a four-step workflow. The input 
data for the method consists of relevant customer needs/product 
requirements and a large wood species dataset, in which the wood species 
are represented by 22 properties, among others density, hardness, texture, 
arrangement of vessels, and availability. Throughout its four steps, the 
method generates a quantitative ranking that indicates which wood 
species fulfil the customer needs and product requirements in the best way. 
In addition, it is transparent in showing why certain species score better 
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 II). Fig. 22 shows the workflow for 
applying the method to the surface densification of solid wood.  

In the first step, process requirements are generated, in this case through 
brainstorming. By applying the analytic hierarchy process, the process 
requirements are weighted against each other, resulting in quantitative 
values for the relative importance of each process requirement. Examples 
for process requirements are a high densification potential and low 
material acquisition costs. In the next step a correlation matrix, based on 
the so-called house of quality (HOQ) method, was used to determine 
which wood properties are the most important with regard to the process 
requirements. The principle of the HOQ method is described in Hauser 
& Clausing (1988) and is an essential part of quality function deployment. 
The input data of the HOQ consists of the weighted process requirements 
and the wood properties found in the wood species dataset, which are then 
correlated to each other, giving the relative importance of the wood 
properties in terms of meeting the process requirements as the output. 
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Fig. 22: 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. 

The third step makes use of principal component analysis (PCA) to show 
interactions between the wood properties and the wood species, and 
provides useful information about potential trade-offs in the choice of 
certain wood species. PCA is a method in the domain of MVDA, and is 
explained extensively by Esbensen et al. (2002). MVDA describes an 
extremely useful set of tools to analyse large datasets that consist of many 
observations and variables. Especially, correlations between observations 
and variables, as well as within the space of observations and variables can 
be visualised in an easy-to-understand manner. The fourth and final step 
calculates how well the wood species in the dataset fulfil 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 is to be 
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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 wood-species-selection 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. For this 
reason, multiple runs of the first and second step were performed, testing 
different calculation scales, the analytic hierarchy process in first step 
being applied using a simple three-step scale and a more complex seven-
step scale. The relative importance of each requirement was determined 
by calculating the average of the results from both scales. A simple and a 
progressive scale were tested in the second step. 

5.1.2 RESULTS AND DISCUSSION 

After running the analytic hierarchy process in the first step, the most 
important process requirements were ranked from high to low 
importance. Generally, the two different scales led to only small 
differences in the results. 

1. High densification potential 
2. High potential for hardness increase 
3. Low environmental impact of using the material 
4. High potential for plastic deformability 
5. Low material acquisition costs 
6. Easy to stabilise the compressed wood cells 

In the second step, the simple scale, which indicated only whether there 
was a correlation between a process requirement and a wood property led 
to misleading results in some cases, as it boosts weak correlations in 
relation to strong correlations. For this reason, the two tested scales led to 
quite large differences in the results. For simplicity, the most important 
wood properties after determining the average of both scales ranked from 
high to low importance are listed below: 

1. Low density 
2. High hardness in relation to density 
3. High availability 
4. Low vulnerability 
5. High lignin content 
6. Low price 
7. Easy to impregnate 
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After running the final step of the method multiple times because of the 
different calculation scales used during the first and second steps, a final 
score for each wood species in the dataset was calculated (Fig. 23). The 
results of the study confirmed the suitability of those wood species that had 
been used in previous studies of wood densification, 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 species domestic to boreal and temperate forests 
such as alder, cedar and basswood, as well as exotic species such as obeche, 
avodire, makore and okoume. 

 
Fig.  23: Final ranking of the most suitable wood species for 
surface densification based on benchmark scoring of the 
wood species selection method. The chart shows only a 
selection. Species in red are alternatives to the previously 
studied species (black).  

The study was solely of a theoretical nature; no practical tests on the wood 
species identified were carried out. The goal was to introduce a systematic, 
quantitative and need-based approach to a part of the world of wood 
science/engineering and the wood industry that I felt had been somewhat 
neglected. The developed wood species selection method shows that many 
wood species 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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5.2 THE CONTINUOUS DENSIFICATION PROCESS 

5.2.1 BACKGROUND AND GENERAL METHOD 

In the previously studied batch-processes using a hot press, the process 
times are rather long, partly because of the need to load and unload the 
machine after each batch, thereby generating wasteful operation steps 
(wasteful in the Lean sense: an activity that does not contribute to the 
creation of value). With automation, the loading/unloading times can be 
substantially reduced, but not eliminated. A continuous surface 
densification process would avoid this and also permit an easier 
integration into the existing wood processing chain. Perhaps the simplest 
method of densifying the surface of wood is by using the roller press with 
a single pair of rollers (Fig. 24). 

 
Fig. 24: The basic principle of densifying the surface of wood 
in a roller press. 

Roller pressing is a well-established production method in many fields of 
material processing, including wood-based materials. Groger et al. (1995) 
patented a process for producing composite panels of veneer bonded with 
a thermoplastic adhesive in a drum or roller press. Another patent by 
Kamke & Sizemore proposed a continuous process for densifying veneer 
or oriented strand board by the VTC method (Kamke & Sizemore 2004), 
using a combination of a roller press and a band press system. Inoue et al. 
(2008b) devised a process to treat green sawn timber with aqueous 
solutions, micro-emulsions and other fluids in a roller press. However, it 
appears that a roller pressing approach to densify the surface of sawn 
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timber with the focus on maximising the process speed has not yet been 
studied. 

5.2.2 THE FIRST ROLLER PRESSING EXPERIMENT 

This section summarises Publication III. 

The first roller pressing experiment was conducted in collaboration with 
the steel research institute Swerea Mefos in Luleå, Sweden, with the 
primary objective of examining the effect of feed speed, plasticisation and 
pressing temperature, and plasticisation time on the resulting density 
profile of surface-densified Scots pine. A secondary objective was to 
examine the impact of features like knots and annual growth ring 
orientation on the densification process.  

In this experiment, the densification stage was carried out in a continuous 
manner with a roller press usually used for the forming of steel, but the 
plasticisation stage was carried out by heating one side of the boards (13% 
moisture content) through contact with a hot steel plate (Fig. 25). The 
boards were 1,000 mm in length with a cross-sectional area of 40 x 20 
mm2. A stabilisation treatment was omitted completely, as it was not of 
interest in this particular study. With the available equipment, it was not 
possible to cool the densified wood before releasing the pressure, which 
resulted in an immediate spring-back of 50% or more. 

 
Fig. 25: The principal setup of the first roller pressing 
experiment carried out in collaboration with Swerea Mefos in 
Luleå, Sweden. The plasticisation stage was a batch process, 
while the densification was done in a continuous way. 
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The experimental setup for this study was deliberately not planned 
precisely, as it was not known in advance which range of process 
parameters would lead to the desired density profiles or other effects 
during the densification. An adaptive approach was chosen, consisting of 
three steps: 

1. Keep all parameters except for the feed speed fixed, and increase 
the feed speed step-wise until the densification appears to be 
insufficient, i.e. crushed/destroyed specimens or low thickness 
reduction after spring-back. 

2. Vary the following process parameters: steel plate temperature, 
roller temperature, heating time, while keeping the feed speed at 
a level that gave good results in step 1. 

3. Vary the target thickness reduction during compression between 
rollers, while keeping the feed speed at a level that gave good 
results in step 1. 

The first run was conducted at a process speed of only 0.08 m	min-1. In 
each of the following test runs, the speed was increased stepwise, to a 
maximum speed of 80 m min-1. Density profiles were obtained from 
computer tomography (CT) scan images, taken before and after 
densification. It was observed that the desired density profiles could be 
obtained even at the highest speed tested, but a slightly more pronounced 
density peak close to the surface was obtained at speeds of 8 m min-1 and 
20 m min-1 (Fig. 26). The differences between the density peaks at process 
speeds of 8 m	min-1 and 80 m	min-1 were nevertheless rather small, which 
may not be surprising as the wood is mainly plasticised before being fed 
through the rollers.  

The study did not provide conclusive results regarding the effects of the 
plasticisation and of the densification temperature on the density profile. 
The data showed only that without heating undesired density profiles will 
be obtained, i.e. without a marked increase in density close to the surface. 
The plasticisation time was negatively correlated with the height of the 
density peak, meaning that a longer plasticisation time led to a flatter 
density peak. This result is in agreement with the findings of Rautkari et 
al. (2011). 
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Fig. 26: Through-thickness density profiles after roller pressing 
of Scots pine boards at different process speeds. The blue line 
indicates the density of the specimen in the undensified core; 
the red line shows the peak density at the surface.  

A slight densification also occurred on the opposite side of the boards, even 
without plasticisation, which could be due to some unwanted transfer of 
heat caused by the setup of the plasticisation stage. The density increase 
was between 25 and 40%, despite the large spring-back in comparison to 
that in a densification processes that would include a cooling stage. The 
increase in density close to the surface is also clearly visible in the CT 
images (Fig. 27). The deformation at the edges (red circle) is probably due 
to the plasticised wood taking the path of least resistance and can also be 
observed when the surface densification is done in a regular hot press. 
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Fig. 27: CT images of a cross sectional view of Scots pine 
before (left) and after (right) densification. Bright areas 
indicate a high density. The red circle shows a shape 
deformation at the edge of the board, caused by the 
densification. 

A secondary objective of the experiment was to evaluate how irregularities 
such as knots affect the densification process. Small 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 dead knots at the edges or close to the edges need to be avoided 
because they are torn out from the board, or cause large cracks, and leave 
the board partially destroyed.  

Although this early study of surface densification with roller pressing 
equipment had certain limitations, several important conclusions could be 
drawn. First and foremost, it was shown that it is in fact possible to densify 
solid wood without damage in a continuous manner by feeding the wood 
through a set of rollers, and to obtain a density profile with a pronounced 
density peak close to the surface – even at high process speeds. In the 
context of advancing surface-densified wood towards industrial 
implementation, this experiment can be seen as a stepping-stone for the 
following studies. 

5.2.3 THE SECOND ROLLER PRESSING EXPERIMENT 

This section summarises Publication IV. 

To gain a better understanding of the process, to identify its limitations, 
and to introduce a stabilisation stage after the compression stage, a second 
roller pressing experiment with Swerea Mefos in Luleå was carried out. 

The general setup of the equipment was similar to that used in the first 
experiment. The main densification was carried out between one pair of 
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rollers, one of which was heated. However, to avoid deformation of the 
board edges (as shown in Fig. 27), a profiled roller as shown in Fig. 28 was 
used.  

 
Fig. 28: Cross-section of the setup of the second roller 
pressing experiment. The upper roller was profiled to avoid 
deformation of the board edges due to the densification, as 
shown in Fig. 27. 

The plasticisation stage was changed, so that the specimens were pressed 
onto a hot and thermally insulated steel slab (Fig. 29), 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 plasticisation process. The 
dimensions of the specimens were the same as those used in the first 
experiment and the moisture content of the specimens was about 14%. 
The plasticisation temperature and time were fixed to 150°C and  
90 seconds, while the feed speed and densification temperature were fixed 
to 20 m min-1 and 150°C. This set of parameters was chosen as it provided 
good results during the first roller pressing experiment.  

In addition to the plasticisation and densification stages, pre- and post-
treatment stages were added to test two methods of stabilising the densified 
wood cells, chemical and impregnation treatments being applied before 
and after the densification process. 
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Fig. 29: The principal setup of the second roller experiment 
carried out in collaboration with Swerea Mefos in Luleå, 
Sweden. In addition to the plasticisation and densification 
stages, pre- and post-treatment stages were added to test two 
methods of stabilising the densified wood cells. 

Table 1 summarises the chemical treatments tested. Sodium hydroxide 
treatment and impregnation with methacrylate resin were tested as 
stabilising treatments to reduce the set-recovery. To test a possible 
reduction of the elastic spring-back, one group of specimens was fed 
through additional pairs of cold rollers after the main densification stage. 

Table 1: Pre- and post-treatments to reduce the set-recovery. 

Specimen group Pre-treatment Plasticisation 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 specimens 
through cold set 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 
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The treatment with sodium hydroxide was done to partially remove lignin 
and hemicellulose from the cell walls prior to densification, which was 
expected to reduce the rigidity of the wood and support the formation of 
new cross-links in the cell wall during densification. The aqueous 8% 
solution of sodium hydroxide was applied directly on the wood surface, 
followed by a waiting time of 20 minutes. Impregnation with a heat-curing 
methacrylate ester monomer resin was aimed to stabilise the densified 
wood by polymerisation of the monomers inside the cell lumen. It is widely 
available at a rather low cost, and is often used in wood polymer 
composites (Ellis 2000). It was tested both as a pre-treatment and as a post-
treatment, by soaking the wood surface for 10 minutes in a 5 mm deep 
bath of the resin. When the resin was used in the pre-treatment stage, the 
densification stage was expected to 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, a technique reported many decades ago, for 
example in a patent granted to Austin (1952). 

The results showed that the type of treatment had no effect on the level of 
densification after the spring-back, apart from the DL group, which was 
exposed to the additional cooling stage between sets of cold rollers, 
resulting in a higher level of densification. Using a heated or a cold roller 
during the densification stage had no significant effect on the spring-back. 
The contact time and contact area between the hot roller and the wood 
were perhaps too short to transfer heat from the roller to the wood. In a 
pre-study using a heated batch press, the chemical treatments were tested 
to determine the treatment method and parameters. The pre-treatment 
with the methacrylate resin led to a significant reduction in the set-
recovery, but these results could not be reproduced during the roller 
pressing experiment, and only a small effect was observed (Fig. 30).  

The reason for the discrepancy between the pre-study and the roller 
pressing experiment could be the densification stage itself. In a heated 
batch press, the wood is compressed under continuous contact for about 
90 seconds, whereas the contact time in the roller pressing equipment was 
only a fraction of a second, which may lead to insufficient penetration of 
the methacrylate resin into the wood cells. This raises the question of 
whether there may be a better approach to continuous surface 
densification than the roller pressing technique used. 
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Fig. 30: Set-recovery of the densified specimens after 
densification and one or two wet/dry cycles. The error bars 
show the standard deviation within each group of 10 
specimens. See Table 1 for explanation of the abbreviations. 

5.2.4 CONCLUSIONS 

The two experiments together with Swerea Mefos led to both positive and 
negative conclusions with regard to the suitability of  the roller pressing 
approach for the continuous surface densification of wood. Density 
profiles with a pronounced increase in density close to the wood surface 
were obtained at process speeds of the same order of magnitude as those 
of other wood processing operations. Only by introducing a proper 
cooling stage and thereby reducing the spring-back, would a density 
increase of at least 60% be attainable, without any other process 
optimisation. These findings indicate that continuous surface densification 
of wood is possible, and further studies into this area may well pave the 
way for large-scale industrial implementation.  

Unfortunately, the roller pressing approach also has several limitations. 
First and foremost, the contact time between the rollers is extremely short, 
which makes it difficult to increase the depth of penetration of substances 
to reduce the set-recovery and makes the integration of a proper cooling 
stage virtually impossible. In addition, the plasticisation was done as a 
batch process. Integrating it into a continuous process would definitely 
require a longer contact time between the wood and the heat-providing 
device, as shown in a publication I participated in, which studied the 
temperature evolution through wood veneers during hot-pressing 
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(Cristescu et al. 2015). The short contact time may possibly lead to severe 
strains in the densified piece of wood, which can have unwanted effects 
further down the line.  

The findings from the roller pressing experiment led me to the conclusion 
that continuous surface densification is the way to go forward, but that the 
roller pressing principle is not the best choice. A technology that allows a 
much longer time for applying pressure to the wood was required, and 
further laboratory-scale research was needed to develop a method of 
reducing the set-recovery which can be integrated into a continuous 
process. The former will be addressed in section 6.2.1, while the latter is 
covered by section 5.3. 

5.3 REDUCING THE SET-RECOVERY 

As shown in section 4.2, there were two requirements which any method 
to reduce the set-recovery should fulfil in order to be integrated into a 
continuous process: 

1. The method should preferably work in an open system, as it may 
be difficult to combine a closed system with a continuous 
densification process. 

2. The time period during which it is necessary to add substantial 
amounts of energy to the system, e.g. by heating above 100°C, 
should be less than 10 minutes. 

5.3.1 SCREENING DIFFERENT METHODS 

This section summarises Publication V. 

The effects of various open-system pre-treatments on the set-recovery 
were studied, with the secondary objective of examining the effect of the 
treatments on the Brinell hardness of the surface-densified wood. The 
study included four different treatments: impregnation with sodium 
silicate or methyl methacrylate, and chemical plasticisation with sodium 
hydroxide or the ionic liquid 1-ethyl-3-methylimidazolium chloride. The 
treatments with sodium silicate and sodium hydroxide were carried out in 
collaboration with Lauri Rautkari from Aalto University. The motto for 
this study was simplicity. The treatments should be easy to perform and 
take no longer than a few minutes. Even if strong effects could not be 
observed, the study should indicate which treatments should be studied 
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further. According to the literature, the treatment with an ionic liquid to 
prevent the set-recovery of densified wood was completely novel, and a 
detailed summary of the approach, methods and results is covered by 
sections 5.3.2 and 5.3.3. 

For the impregnation with sodium silicate different solution 
concentrations in water were tested, whereas the methacrylate resin came 
as a ready-to-use product at a specific concentration. In both cases, the 
impregnation solution was applied  directly to the wood surface, and after 
5 minutes the procedure was repeated. The surface densification was 
carried out in a hot press with a single heated press platen at a temperature 
of 130°C and a pressing time of 90 seconds, followed by cooling to below 
80°C. 

For the chemical plasticisation treatments, different concentrations of the 
agents in a solvent were tested. Sodium hydroxide was diluted with water, 
but the ionic liquid was diluted with ethanol, and applied to the wood 
surface as described earlier. The densifications were carried out at 130°C 
and 200°C, respectively.  

The set-recovery of the specimens was measured after one and two cycles 
of soaking in water for 24 hours at room temperature, followed by oven-
drying at 103°C for 24 hours. A modified version of EN1534 was used for 
the Brinell hardness measurements, as proposed by Niemz & Stübi (2000). 

In general, the results regarding the set-recovery were below expectations, 
and most of the tested treatments led to only a small reduction in set-
recovery (Fig. 31), but the results of the ionic liquid treatment were 
intriguing. Not only was there a significant reduction in set-recovery, but 
the elastic spring-back was also much less than with the other treatments, 
suggesting that a treatment with ionic liquids leads to less elastic and more 
plastic deformation. 
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Fig. 31: The set-recovery after different pre-treatments. The 
height of each rectangle indicates the range (min-max) of the 
set-recovery values due to the different solution 
concentrations. Higher concentrations resulted in less set-
recovery. 

Fig. 32 shows the increase in Brinell hardness compared to that of the 
undensified wood for the same specimens as in Fig. 31. Compared to other 
studies, the Brinell hardness of the untreated specimens was somewhat 
lower, possibly due to the lower densification temperature (130°C) 
compared to a study by e.g. Laine et al. (2013a). Laine et al. (2014) found 
that a higher press temperature moves the density peak closer to the wood 
surface. All the treatments except for that with sodium hydroxide led to a 
small additional increase in hardness, the methyl methacrylate treatment 
having the strongest effect.  

The Brinell hardness data indicated a pronounced density peak just 
beneath the surface, with a rather abrupt transition to the undensified 
region. Hence, further increases in hardness may be achieved by 
increasing the depth of penetration of the tested chemicals. Interestingly, 
the ionic liquid treatment led to an increase in hardness without the 
addition of any polymerising substance, in contrast to the sodium silicate 
and methyl methacrylate treatments. This means that the hardness 
increase must be due to a higher level of deformation in the wood cells 
close to the surface. 
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Fig. 32: Brinell hardness increase relative to the untreated 
and undensified Scots pine specimens. 

The study led to the conclusion that the ionic liquid treatment was the 
only one worth studying further. Apart from a reduction in set-recovery 
by 30%, the apparently strong plasticising effect makes possible a targeted 
increase in density very close to the wood surface, and by increasing the 
depth of penetration a further increase in Brinell hardness should be 
possible. 

5.3.2 EXPLORING IONIC LIQUIDS 

This section summarises the Publications VI and VII. 

The previous screening study hinted at the suitability of an ionic liquid 
pre-treatment to reduce the set-recovery and increase the hardness of 
surface-densified wood. What is behind this type of treatment, why is it so 
interesting as to warrant further studies? 

Plasticising cellulose is arguably a crucial factor when it comes to 
preventing the mechanism that causes the set-recovery of densified wood 
(Navi & Sandberg 2012). Unfortunately, many treatments aimed at 
eliminating the set-recovery fail to achieve this. I decided to take a closer 
look into pulp and paper and textile research, because the dissolution of 
cellulose is an important subject in these fields, and plasticisation can be 
seen as a precursor to dissolution. Many publications from the 21st century 
in these two fields investigated the biomaterial-dissolving power of ionic 
liquids. Made up of ions instead of electrically neutral molecules, they are 
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salts with melting points normally below 100°C (Hanabusa et al. 2018). 
According to Swatloski et al. (2002) and Kilpeläinen et al. (2007) ionic 
liquids indeed have the capability of dissolving crystalline cellulose. 

The “first generation” of cellulose-dissolving ionic liquids consists of 
imidazolium-based cations, often paired with halogen anions, such as 
chloride or bromide. Zhang et al. (2017) reported that synergetic effects of 
the cations and anions cleave the hydrogen bonds between cellulose chains 
(Fig. 33). The small ions of imidazolium-based ionic liquids interact with 
the hydrogen atoms of the cellulose hydroxyl groups, whereas the larger 
cations interact with the sterically less hindered oxygen atoms. These 
interactions transform more or less all constituents of the wood material 
into a thermoplastic material, with only very small elastic deformations 
under load (Ou et al. 2014). 

 
Fig. 33: Proposed mechanism of cleavage of hydrogen bonds 
between cellulose chains with ionic liquids (Zhang et al. 
2017). Reproduced by permission of The Royal Society of 
Chemistry. 

Whilst being highly effective cellulose solvents, imidazolium-based ionic 
liquids are also expensive. Searching for cheaper alternatives, several 
studies have explored the potential of base-acid ionic liquids, which pair 
basic amidine or guanidine cations with carboxylic acid anions (King et 
al. 2011). These amidines and guanidines are also known as organic 
superbases. Base-acid ionic liquids are considerably cheaper and easier to 
recycle and reuse than imidazolium-based ionic liquids (Parviainen et al. 
2013, Hanabusa et al. 2018), while maintaining the cellulose dissolving 
power (Mäki-Arvela et al. 2010, Dominguez de Maria 2014). 

The findings in the literature led to the following hypotheses: 

- An ionic liquid pre-treatment will sufficiently plasticise all major 
constituents of wood, and this will reduce the set-recovery. 

- A pre-treatment with only the superbase component of base-acid 
ionic liquids can form an ionic liquid in-situ with the wood’s acid 
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groups as the anions. This in-situ ionic liquid would have an effect 
on the set-recovery similar to that of an ordinary ionic liquid. 

- The plasticising effect of the ionic liquids will create a layer of 
extremely densified wood cells at the specimen surface, leading to 
an increase in hardness compared with that of densified wood 
without such a treatment. 

To test these hypotheses, a study was designed which assessed the effects 
of pre-treatments with ionic liquids or organic superbases on the set-
recovery and Brinell hardness of Scots pine densified in a hot press. As the 
overall goal of this study was the development of a fast process that works 
in an open system, the chemical treatment was performed in a room 
atmosphere within 5 minutes, by applying the ionic liquid solutions four 
times with a pipette with a waiting time of 1 minute between the 
applications. In total, six different types of treatment prior to densification 
were tested: 

- Control/no treatment. 
- Treatment with 1-butyl-3-methylimidazolium chloride 

(BmimCl): 1st generation imidazolium-based ionic liquid. 
- Treatment with 1,5-diazabicyclo[4.3.0]non-5-enium propionate 

(DBN-propionate): 2nd generation base-acid ionic liquid. 
- Treatment with DBN: organic superbase. 
- Treatment with 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU): 

organic superbase. 
- Treatment with 1,1,3,3-tetramethylguanidine (TMG): organic 

superbase. 

Various parameters in combination with the DBU pre-treatment were 
also studied. The densification time was 4 minutes, followed by a cooling 
stage. 

The study confirmed the findings of the previous screening study, as the 
specimens treated with the ionic liquid or superbase did not show any 
spring-back at all, in contrast to the control group, which had a spring-
back of 11% – a typical value. Fig. 34 shows the main results regarding 
the set-recovery of the surface-densified specimens, according to the type 
of treatment and the densification temperature. The specimens treated 
with DBU and densified at 200°C had approximately the same set-
recovery as the ionic liquid-treated specimens from the previous study, 
which were densified at the same temperature. The set-recovery was 
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measured after one and two wet-dry cycles, but no change was observed 
between the cycles.  

 
Fig. 34: Set-recovery of surface-densified specimens pre-
treated with ionic liquids or superbases, after two wet-dry 
cycles. The densification temperature is shown by the colour 
code. BMIMCL  is 1-butyl-3-methylimidazolium chloride, DBN 
is 1,5-diazabicyclo[4.3.0]non-5-ene, DBU is 1,8-
diazabicyclo[5.4.0]undec-7-ene, and TMG is 1,1,3,3-
tetramethylguanidine. 

Both the ionic liquid and superbase treatment led to strong reductions in 
set-recovery when combined with high densification temperatures. Part of 
the reduction can be attributed to the effect of heat and the resulting 
degradation of the hemicelluloses. However, the set-recovery of the groups 
that were densified at different temperatures without the pre-treatment 
indicates that the heat treatment effect must be secondary to that of the 
ionic liquids. Interestingly, there was no great difference in set-recovery 
between the ionic liquid treatment and the treatment with only the 
superbase component. 

One of the groups had a higher initial moisture content than the other 
groups, resulting in a set-recovery of 37%, in contrast to 20% for the group 
that was otherwise treated and densified with the same parameters. This 
was expected on the basis of published studies on the dissolution of 
cellulose in ionic liquids (Mäki-Arvela et al. 2010). Zavrel et al. (2009) 
proposed that water molecules create hydrodynamic shells around the 
ionic liquid molecules, and that this inhibits direct interactions between 
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the ionic liquid and the cellulose. This aspect is certainly an important one 
to consider when moving forward with this type of treatment. 

Fig. 35 presents Brinell hardness data. The groups without chemical 
treatment showed a twofold increase in hardness, which is in agreement 
with findings from previous studies (Gong et al. 2010, Laine et al. 2013a).  

 
Fig. 35: Brinell hardness of surface-densified specimen pre-
treated with ionic liquids or superbases. BMIMCL  is 1-butyl-3-
methylimidazolium chloride, DBN is 1,5-
diazabicyclo[4.3.0]non-5-ene, DBU is 1,8-
diazabicyclo[5.4.0]undec-7-ene, and TMG is 1,1,3,3-
tetramethylguanidine. 

The ionic liquid- or superbase-treated and densified specimens showed an 
increase in hardness by a factor of 2.7, which is equal to a hardness 
increase over the untreated and densified groups by a factor of 1.4, i.e. a 
substantial improvement. The press temperature did not influence the 
hardness to any great extent. 

The higher Brinell hardness of the chemically treated specimens is 
probably due to a more thorough and targeted plasticisation than that of 
the untreated specimens. In the chemically treated specimens the region 
with the highest level of densification is located very close to the surface of 
the specimen (Fig. 36a), as indicated by the distance between the annual 
growth rings and the location of the edge bulging, where there is a layer 
approximately 1.2 mm in thickness with a threefold increase in density. 
The density then gradually decreases towards the core of the specimen. In 
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the untreated and densified specimens, the density peak of these specimens 
is located further from the surface, as is also indicated by the location of 
the edge bulging (Fig. 36b). This could be because the heated press platen 
dries the specimen surface and thus inhibits the plasticisation of this 
region. For the chemically treated specimens, this is not relevant because 
their plasticisation does not rely on moisture.  

 
Fig. 36: Cross-sectional view of surface-densified Scots pine 
showing the location of the density peak indicated by the 
annual growth rings and the bulging of the edge: (a) an ionic 
liquid-treated specimen, and (b) an untreated specimen. 

The Brinell hardness appears not to be representative of the perceived 
surface hardness of the specimens. According to the usual relation 
between density and hardness, the observed threefold increase in density 
should result in a threefold increase in hardness, which was not confirmed 
by the Brinell hardness values obtained. This is probably because the 
Brinell hardness value is volume-based, i.e. the measurement is affected 
by the thickness of the densified layer and the undensified region below. 
When trying to scratch the surface with a fingernail, the surface seemed 
to be much harder than that of the untreated and densified specimens. 
Perhaps another type of hardness or scratch resistance measurement 
method would complement the Brinell method to produce more complete 
results.  

The study covered by Publications VI and VII has given a clear indication 
of the potential of ionic liquids and organic superbases as strong 
plasticisers of wood, leading to a complete elimination of the spring-back, 
a great reduction of the set-recovery, and an increase in Brinell hardness. 
In fact, the Brinell hardness of the chemically treated Scots pine reached 
a level similar to that of oak, a wood species widely used for high-quality 
wooden flooring. Furthermore, the process works in an open system, and 
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requires only a few minutes of high energy input. Hence, it can be seen as 
a precursor to the development of a continuous open-system surface 
densification process. However, this study showed the effects of the tested 
treatments only on some of the properties of the surface-densified wood, 
but it did not provide any insight into how the treatment works – except 
for the mechanisms proposed in the literature. 

5.3.3 THE PENETRATION BEHAVIOUR OF IONIC LIQUIDS 

This section describes the process that led to Publication VIII. 

In collaboration with Dr. Kelly Peeters at InnoRenew CoE in Slovenia, 
two aspects of the treatment with ionic liquids were studied: the depth of 
penetration of the ionic liquids into the wood, and potential chemical 
changes occurring in the treated wood cells. 

A study with FTIR micro-spectroscopy gave no meaningful results in the 
sense of the goal of the study, as the spectrum of the ionic liquid (BmimCl) 
in the treated and densified specimens could only be detected on the wood 
surface, and this is in contradiction to the observed reduction in set-
recovery, which involves the wood cells to a depth of several millimetres. 
At the time, the FTIR micro-spectroscopy method was deemed unsuitable 
for this study. Another experiment together with Dr. Lauri Rautkari and 
Dr. Michael Altgen at Aalto University explored the suitability of Raman 
micro-spectroscopy mapping, but without success, and with the additional 
problem of fluorescence due to thermal modification interfering with the 
Raman signal.  

Adding a dye to the ionic liquid solution and applying it to the wood 
surface indicated that the penetration depth is less than that necessary to 
achieve the observed reduction in set-recovery. Fig. 37 shows this 
contradiction. In the surface-densified specimen, the depth affected by the 
ionic liquid pre-treatment must be about 2 mm to be in agreement with 
the measured set-recovery, and this corresponds to a depth of 
approximately 4 mm beneath the surface in the undensified specimens. 
However, the ionic liquid could only be detected to a depth of 
approximately 1 mm from the treated surface. In the surface-densified 
specimen it was basically undetectable with the available methods. 
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Fig. 37: Schematic image exemplifying the contradiction 
between the observed penetration depth of the IL (left) and 
the measured set-recovery from the study covered by 
Publications VI and VII (right). 

A meeting with Dr. Hannes Orelma from VTT in Finland led to the 
formulation of a new hypothesis and the planning of a study to test the 
hypothesis. Dr. Orelma’s group works with ionic liquid treatments on 
paper and wood veneer (Tanaka et al. 2018, Khakalo et al. 2019). From 
the meeting, the following statements relevant to the set-recovery problem 
could be formulated: 

- Ionic liquids need a certain temperature so that their power to 
dissolve cellulose is activated, as it is strongly correlated with heat. 
In the case of BmimCl, a temperature of 100°C or higher is 
required. 

- Ionic liquids diluted with ethanol will not easily penetrate deeply 
into the wood surface by pure soaking. 

- Ionic liquids start to evaporate and eventually decompose at high 
temperatures, and for those relevant to dissolving cellulose this 
happens at temperatures above 200°C. 

- In order to eliminate the set-recovery, the bonds broken between 
the cellulose chains need to be reformed under heat and pressure, 
and in the absence of the ionic liquids. 

A new hypothesis that would explain the apparently paradoxical findings 
from the previous studies was formulated (Fig. 38): the ionic liquid solution 
does not penetrate very deeply into the wood with the chosen method of 
application (Publications VI and VII). During the densification process at 
a high temperature (above 200°C), the ionic liquid starts to evaporate and 
is transported deeper into the wood, as it cannot evaporate through the 
press platen. This continues throughout the densification process, as the 
wood close to the surface progressively becomes more plasticised and 
compressed due to the transfer of heat from the press platen, which 
activates the ionic liquid. After some time, the maximum level of 
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penetration is achieved and the ionic liquid then starts to decompose, and 
this opens up the hydrogen bond sites between the cellulose chains. As the 
wood is still under heat and pressure, the cellulose chains can fuse 
together.  

In short, the core of the hypothesis was that part of the penetration of the 
ionic liquids into the wood surface occurs during the densification process: 
in-situ. 

 
Fig. 38: Illustration of the hypothesis of in-situ penetration of 
Ionic liquids into the wood surface during the densification 
process. Cross-section view of Ionic-liquid treated wood 
specimen in a single-platen-heated press. 

Although the hypothesis would explain our findings, it was unclear how it 
could be tested. In the literature, several studies have explored the 
decomposition of ionic liquids, and one study by Efimova et al. (2013) is 
of particular relevance. Among other related ionic liquids, the authors 
conducted thermo-gravimetric analysis (TGA) and evolved gas analysis 
(EGA) on BmimCl. According to this study, BmimCl starts to decompose 
at a temperature of about 220°C.  

Inspired by these findings, an experiment, using TGA together with digital 
image correlation (DIC) technology was designed. The DIC methodology 
was new to me, but I received good support from my colleague Dietrich 
Buck, also a doctoral student at LTU.  

For the TGA study, wood-powder samples were selected from the 
locations in the specimens shown in Fig. 39. To support our hypothesis 
there should be two peaks in the 1st derivative of the TGA curves (DTG), 
one from the wood, and one from the decomposition of the ionic liquid, 
and this peak should become smaller with increasing depth beneath the 
wood surface. In order to verify the DTG curves, EGA was performed 
providing the so-called Gram-Schmidt curves, which show the amount of 
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gas evolved at a certain temperature. Ideally the peaks of the DTG and 
Gram-Schmidt curves are at the same temperature. 

 
Fig. 39: Experimental design of the thermo-gravimetric 
analysis to study the penetration of ionic liquids during the 
densification process. The black bars in the cross-sectional 
views of the specimens indicate the locations from where the 
wood-powder samples were taken. 

Fig. 40 shows the DTG and Gram-Schmidt curves of the samples taken 
from a depth of 0-0.5 mm beneath the wood surface. The vertical axis 
(dw/dt) is without scale, as the absolute values do not correspond well to 
each other between the specimen groups, and in this case only the peak 
positions and relative peak sizes are relevant. The curve for the untreated 
and densified wood was omitted for simplicity, as it basically looks 
identical to the curve for untreated wood. The peaks of the DTG and 
Gram-Schmidt correspond well to each other. The untreated wood and 
the pure ionic liquid (BmimCl) each have one clear peak, the former at 
364°C, and the latter at 308°C. The location of the ionic liquid-peak is 
similar to that reported by Efimova et al. (2013). The samples of the ionic 
liquid-treated wood and of the ionic liquid-treated + densified wood both 
have a second peak at the same location as the peak of the pure ionic 
liquid. This shows that the TGA method might in fact be suitable to test 
the hypothesis on which this study was based. The question that remained 
was: what is the situation deeper beneath the wood surface? 
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Fig. 40: DTG and Gram-Schmidt curves of samples taken from 
a depth of 0-0.5 mm beneath the wood surface. 

Fig. 41 presents the intensity of the ionic liquid-peak as a function of the 
depth beneath the wood surface of undensified and densified wood, in 
both cases ionic liquid-treated. In the left part of the figure, the ionic 
liquid-peak disappears more or less at the same depth, but this picture is 
misleading, as 2 mm in the undensified wood do not correspond to 2 mm 
in the densified wood (as exemplified in Fig. 37). In reality, 2 mm in the 
densified wood correspond to approximately 4 mm in the undensified 
state, as shown in the right half of Fig. 41, where the densified wood has 
been virtually expanded to its initial state. This supports the hypothesis 
that a substantial penetration of the ionic liquid takes place during the 
densification process. 
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Fig. 41: Intensity of the ionic liquid peak as a function of the 
depth below the wood surface: ionic liquid-treated vs. ionic 
liquid-treated + densified. The right half shows the effective 
penetration after the densified wood has been virtually 
expanded to its initial thickness before densification. 

For the DIC study, images of the cross-section of ionic liquid-treated and 
densified specimens were taken before and after the set-recovery had been 
induced by water-soaking. DIC provides a high-resolution full-field 
measurement of the set-recovery, making it possible to determine the local 
set-recovery of virtually any point in the cross-section of the specimen. As 
there is probably a transition zone between high penetration of the ionic 
liquid and no penetration, as indicated by the TGA study, the set-recovery 
should to be highest in that area. 

The results of the DIC analysis were in agreement with the findings from 
the TGA study. Fig. 42 shows the local strain in the cross-section of ionic 
liquid-treated (BmimCl) and densified wood after the set-recovery had 
been induced by water soaking. Here, the local strain is in principle 
synonymous with the local set-recovery. It is evident that there is basically 
no set-recovery down to a depth of 1-1.5 mm beneath treated and 
densified wood surface, which shows the “true” potential of the ionic 
liquid treatment. This finding is consistent with the findings from a pre-
study on fully soaked and then densified specimens made of Scots pine 
veneer, which exhibited a set-recovery of 0%. Below that, there is a region 
with densified wood that exhibits much higher levels of set-recovery, 
mainly in the earlywood. This is not surprising, as the earlywood is weaker 
than the latewood and therefore more easily densified, and in general the 
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set-recovery increases with an increase in compression ratio (Navi & 
Sandberg 2012).   

 
Fig. 42: Digital image correlation of surface-densified wood 
(cross-section). The colours indicate the level of strain in the 
wood after inducing the set-recovery by water soaking. Here, 
the local strain is in principle synonymous with  the local set-
recovery. 

Fig. 43 relates the local strain determined by the DIC to the signal strength 
of the ionic liquid in the TGA curve as a function of the distance from the 
specimen surface. There are two locations of interest with regard to the 
hypothesis of this study: the drop-off point where the ionic liquid signal 
from the TGA starts to become substantially weaker, and the location of 
the highest strain in the DIC. The ionic liquid drop-off point coincides 
with the depth at which the strain, i.e. the set-recovery starts to increase 
substantially. The set-recovery rises with increasing depth and peaks at a 
depth of 2.5 mm beneath the specimen surface, roughly at the same depth 
where the ionic liquid peak completely disappears from the TGA profile. 
A plausible explanation of this behaviour is that this region is to some 
extent penetrated by the ionic liquid, leading to a sufficient plasticisation 
for densification, but not enough to lead to the same reduction in set-
recovery as the region just beneath the surface. In addition, the 
temperature in that region may have been too low to cause the ionic liquid 
to decompose, thereby preventing the cellulose chains from fusing 
together. Further beneath the wood surface, the set-recovery decreases 
towards the undensified core. 
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Fig. 43: The local strain determined by the DIC (red dots and 
curve) and the signal strength (blue curve) of the ionic liquid 
in the TGA, as a function of the distance from the specimen 
surface. 

DIC appears to be a powerful tool to study the densification process and 
its effects on the densified wood on a scale that fills the gap between global 
measurements, such as the set-recovery or Brinell hardness, and ‘micro-
measurements’ on the cell level. In this study, DIC was used to compare 
two static states (densified wood before and after set-recovery), but with a 
more sophisticated setup it would be possible to track the dynamic change 
between such states. 

The TGA and DIC study yielded several interesting findings, and the 
hypothesis of in-situ-penetration of the ionic liquids into the wood during 
the densification process was supported by all the measurements obtained, 
so far. Unfortunately, it is difficult to confirm the hypothesis beyond 
reasonable doubt. In order to achieve that, it would be necessary to detect 
the decomposition compounds of BmimCl at depths beneath the wood 
surface that correlate with the findings from the TGA and DIC 
measurements. Together with Dr. Kelly Peeters, a gas-chromatography 
mass-spectroscopy study has already planned and will soon commence.  
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6  TYING IT  ALL TOGETHER 

6.1 SUMMARY OF THE THREE PATHS 

The objectives of this project were (1) to show that there are many different 
wood species which have a high potential to increase in value through 
surface densification, (2) to show that solid wood can be surface-densified 
in a continuous manner at a high process speed, and (3) to show that the 
set-recovery can be greatly reduced in way that is transformable into a 
continuous process. These three objectives led to the three paths addressed 
in chapter 5, which were pursued to move closer to the vision of bridging 
the gap between laboratory-scale research and the technological basis for 
a widespread commercialisation of surface-densified wood products. 

The first objective was tackled during the first year of this project, while 
suitable approaches to address the second and third objectives were being 
planned. I developed a systematic and quantitative method, with a 
foundation in Lean thinking, that both confirmed the suitability of 
previously studied wood species for surface densification and identified 
several alternatives. This part of the project has now been concluded, but 
depending on future developments in the field of wood densification it 
may be taken up again. 

The core of this project was however related to the second and third 
objectives, addressed by the two paths continuous surface densification and fast 
process to eliminate the set-recovery. These two paths are closely interconnected, 
where the former builds the context for the latter. 

As summarised in section 5.2.4, it was shown that continuous surface 
densification using the roller pressing principle is possible, obtaining the 
desired density profiles at process speeds of up to 80 m min-1. More 
extensive pre-studies could possibly have facilitated a more structured 
experimental design, leading to more detailed findings of the effects of the 
densification process parameters on the resulting density profiles.  

Due to the short contact time between the specimens and the rollers, 
which reduces the possibility of transferring heat and cooling from the 
roller to the wood, strains in the sample were quite severe and it appeared 
to be difficult to integrate an effective cooling stage into the process. Other 
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solutions were therefore examined and band-pressing equipment – similar 
to that used for the production of wood-based panels – was deemed to be 
the most attractive option. Putting this option into practice required rather 
long planning, not least because of the estimated cost of several hundred 
thousand Euros for such equipment.  

While work on the continuous densification path went on simmering in 
the background, another major problem had to be addressed. Although, 
continuous surface densification was shown to be possible, there was still 
no appropriate method to reduce the set-recovery for this particular 
densification concept. In hindsight, it was naïve to expect a strong 
reduction in set-recovery from the simple treatments tested in the second 
roller pressing experiment. Nevertheless, the conclusion that it is difficult 
to find an effective method that can be integrated into a continuous 
process remains, and the focus was therefore shifted to the third path, 
trying to find a way of substantially reducing the set-recovery that is both 
fast and works in an open system.  

In a screening experiment, various fast and simple methods to reduce the 
set-recovery were tested. A better and seemingly more popular approach 
might have been to try to maximise the effect of a treatment, and 
afterwards optimise it in terms of process speed and required resources. 
My approach, however, made it possible to gather information about 
various methods rather quickly, with some indication of whether they can 
work at all in the context of the two main requirements. The screening 
experiment hinted at the potential of a pre-treatment with ionic liquids, 
and a deeper study of this novel method delivered promising results, 
achieving a reduction in the set-recovery of about 90%. The time during 
which energy in the form of high temperature needs to be added to the 
system was short, and all process steps were carried out in an open system, 
thereby fulfilling the two main requirements for integration into a 
continuous surface densification process. 

However, the mechanisms governing the observed reduction in set-
recovery were not entirely clear and a chemical analysis led to 
contradictory results. Progress to solve this issue was slow at first and not 
very targeted, but with the expertise of fellow researchers, a more 
structured approach was put into practice. This phase of the project 
greatly highlighted the benefits of collaboration between people of vastly 
different skills. 
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In a study using thermo-gravimetric analysis (TGA) and digital image 
correlation (DIC), these contradictions could be resolved, as it appears, 
and the foundation for further studies of the ionic liquid pre-treatment 
were laid. Such studies should focus on controlling the penetration depth, 
lowering the required densification temperature, and the recovery and 
reuse of the ionic liquid. 

At that point, the continuous surface densification and set-recovery paths 
had caught up with each other, and the concept seemed so interesting 
from an industrial perspective that patent protection was applied for. The 
next step was to create the conditions to test the band-press concept on a 
larger scale under more pilot-like conditions.  

6.2 CURRENT STATUS AND FUTURE WORK 

During the first half of 2019, funding for a bespoke continuous band press 
and for two years of post-doctoral research were secured, and rather 
concrete plans for the future could thus be outlined.  

6.2.1 THE CONTINUOUS BAND PRESS 

As the generic surface densification process chain consists of four 
dedicated stages – plasticisation, densification, cooling/solidification, and 
stabilisation – 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 are found everywhere. 
The production of  wood-based panels is of particular interest with regard 
to the surface densification of wood, but these types of presses are in 
general made for the very large-scale production of dimensions other than 
those of interest for solid wood. For example, in MDF production (Fig. 
44), wood fibres are pressed and bonded to create a panel in a long 
production line, which maintains continuous contact with the fibre-mat 
via a belt system. It is possible to manipulate the distance between the 
upper and lower belt, as well as the temperatures in different sections 
within the pressing zone. 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 
plasticisation and cooling. One problem is the complexity and cost of such 
equipment. For this reason, it was more sensible to adopt the band press 
principle and apply it in a simpler way.  
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Fig. 44: A side-view of the entry part of a continuous medium-
density-fibreboard (MDF) press (Dieffenbacher GmbH 
Maschinen- und Anlagenbau 2015). 

Taking this and the findings from the laboratory-scale experiments into 
account resulted in a band-press concept with the following target 
specifications (Fig. 45):  

- Feed speed freely adjustable up to 1 m s-1. 
- Heating up to 280°C 
- Maximum board width: 250 mm 
- Free thickness and compression ratio adjustment between 10 to 

100 mm. 
- Temperature and force sensors 
- The interior should be accessible from the side, e.g. to conduct 

DIC measurements. 

The concept covers only the densification and cooling stage. Because the 
method to reduce the set-recovery developed in this project was combined 
with the plasticisation and densification stage, it is suggested that there is 
no need for a stabilisation step after the cooling stage. At this point, the 
actual plasticisation stage is not part of the design concept, but one of the 
target specifications is to have some degree of modularity in the design, 
especially at the inlet and outlet of the press. In this way, it will be possible 
to  modify and expand the press in the future. 

Apart from these limitations, the concept ought to be capable of densifying 
full-sized flooring boards with a length that is limited only by the size of 
the room in which the press is placed. Together with the wide ranges of 
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adjustable temperature, compression ratio, and feed speed it will be 
possible to carry out both fundamental and applied research. 

 
Fig. 45: Simplified diagram of the band press concept (side 
view). 

The mechanical engineering company Forsell Maskin AB in Skellefteå 
developed a detailed design from the target specifications and will 
probably manufacture and install the band press in the Wood Science and 
Engineering Division of LTU in Skellefteå (Fig. 46). Manufacturing of the 
press is planned to commence in the autumn of 2019. Potential future 
additions to the band press may include equipment to apply the ionic 
liquid or super-base solutions, and to heat the wood surface before it enters 
the densification stage.  

 
Fig. 46: Detailed design concept of the band press derived 
from the target specifications. Designed by Forsell Maskin AB, 
Skellefteå. 
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6.2.2 THE PATENT SUBMISSION 

In the second quarter of 2019, a patent application was submitted (Neyses 
& Sandberg 2019), covering the pre-treatment with ionic liquids or 
organic super-bases to reduce the set-recovery of densified wood, as 
described in section 5.3. In the patent application, so-called deep eutectic 
solvents (DES) were added to the two other types of treatment.  

DESs are a relatively novel class of chemicals that can function as solvents, 
reactants, and catalysts, and they are often classified as ionic liquids, 
although they can also be obtained from non-ionic compounds. They are 
usually obtained by the complexation of a quaternary ammonium salt 
with a metal salt or hydrogen bond donor (HBD) (Smith et al. 2014), and 
were first reported by Abbott et al. (2001). A characteristic property of 
DESs are their lower melting points than those of the individual 
components of which they are made. In relation to ionic liquids, DESs 
exhibit certain advantages, such as easy preparation from two or more 
components. They can be obtained from readily available, bio-based, bio-
degradable, inexpensive, low-toxicity materials, which can be regenerated 
in some cases. These properties in combination with their ability to 
dissolve cellulose and lignin (Lynam et al. 2017) make DESs an interesting 
alternative to established ionic liquids, which at this time are usually more 
expensive. Early pre-studies conducted with DESs are not conclusive but 
certainly warrant deeper investigation. 

The process described in the patent includes the potential for recovery and 
reuse of the pre-treatment agent. In the context of cellulose dissolution, 
the chemical company BASF has developed a method of recovering 
EmimOAc, an imidazolium-based ionic liquid, while Parviainen (2016) 
showed that it is possible to efficiently recover base-acid ionic liquids. To 
accomplish this in the context of a wood densification process chain is an 
important aspect to consider. 

6.2.3 THE PATH FORWARD 

In autumn 2019, the manufacture of the pilot band press for continuous 
surface densification will start, a patent application covering a fast open-
system process to reduce the set-recovery is currently under review, and 
funding for a two-year research position has been secured – the stage is set 
to continue on the paths that were opened with the project described in 
this thesis. 
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From the point of completion of the PhD project, research will continue 
on both continuous surface densification and set-recovery elimination in 
parallel. The methods studied in this thesis will be tested on a larger scale 
in the new band press and at the same time, the most recent ideas, such as 
the treatment with DESs can be explored on a smaller laboratory-scale. 
This approach will allow for swift transitions between fundamental and 
applied research. Hopefully, the new band press will foster new 
collaborations and encourage other research groups in the field of wood 
densification to try their methods as a continuous process.  
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7  CONCLUSIONS 

The vision in this doctoral project was to bridge the gap between 
laboratory-scale research and large-scale industrial production of surface-
densified wood products. An extensive literature analysis has highlighted 
several gaps that need to be closed in order to achieve this vision, which 
resulted in three objectives: (1) the identification of wood species which 
have a high potential to benefit from surface densification technology, (2) 
showing that continuous surface densification at high process speeds is 
possible, and (3) the development of a fast open-system method to reduce 
the set-recovery. In the following, the findings and conclusions in this 
project are summarised for each of the research questions presented in 
section 2.3. 

A new method based on Lean product development principles has been 
developed for the identification of wood species which have the highest 
potential to experience an increase in value from surface densification 
technology. The fact that wood species from different parts of the world 
and different types of forest were found to be suitable for use in surface 
densification, suggests a high potential for establishing such wood products 
on a global level. 

The primary reasons for the lack of mass-produced surface-densified wood 
products are related to the process speed and process complexity, 
especially with regard to reducing the set-recovery without additives such 
as curing resins. All efforts at industrial implementation have resulted 
either in failure or in products that serve only a niche market, as in the 
case of resin-impregnated densified wood.  

The present project has however shown that a continuous surface 
densification approach using a roller press makes it possible to obtain 
density profiles with a marked increase in density close to the surface at 
process speeds of up to 80 m min-1. It has also been shown that defects in 
the wood, such as knots, do not need to be removed before densification, 
at least within certain limits.  

Batch and roller pressing techniques have been studied within the project, 
but both approaches show limitations for a continuous production 
approach. A band-press approach  is therefore suggested to be a technique 
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to be further tested, and a corresponding project is already planned to be 
continued after the end of this PhD. 

The set-recovery is the main obstacle to the use of densified wood in 
general, and there are reasons for not using a curing resin or the like to 
eliminate the set-recovery in surface-densified wood. In this work, a novel 
pre-treatment method including ionic liquids or organic superbases 
showed excellent results. A pre-treatment with such compounds on 
surface-densified Scots pine led to a reduction in set-recovery by 90%, and 
an increase in Brinell hardness by a factor of 2.7 compared to undensified 
Scots pine, and by a factor of 1.4 over untreated and densified wood – a 
level similar to that of undensified oak wood.  

Thermo-gravimetric analysis (TGA) and digital image correlation (DIC) 
were used to study the mechanisms which govern the effect that the ionic 
liquids or organic superbases had on the set-recovery. Early results 
indicated that the ionic liquids do not penetrate deeply into the wood 
during the pre-treatment process. In fact, the penetration was insufficient 
to explain the measured reduction in set-recovery. The findings from 
TGA and DIC experiments support the hypothesis that the ionic liquids 
penetrate deeper into the wood during the surface densification process, 
as a result of the high pressing temperature. 

During this project, several gaps in the field of wood densification have 
been identified, in particular in terms of achieving the vision of mass-
produced densified wood products. The gaps have been addressed with a 
fast continuous surface densification process using a roller press, and a fast 
open-system pre-treatment with ionic liquids or organic superbases to 
greatly reduce the set-recovery. These findings have set the stage for 
further research on the new band press, facilitating a swift transfer of 
knowledge between small-scale research and continuous surface 
densification with production-size wooden boards. 
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A new methodology to select hardwood species for wooden products
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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. Deci-
sions 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 proper-
ties 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 pre-
determined 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 proper-
ties 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 com-
pression by projection of the multidimensional data-
set 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 deter-
mination 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 struc-
tured 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 relev-
ant key values and benchmarks regarding the prod-
uct 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 pre-
determined customer needs. Boundary requirements
are that the methodology should be clearly struc-
tured 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 sup-
porting the preservation of biodiversity and a sus-
tainable 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 data-
set 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

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 benchmark-
ing 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 pur-
pose 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 cor-
relation 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 cus-
tomer 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.

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).
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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 so-
called 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 valida-
tion 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

Table I. An example of a correlation matrix in step 1 of the wood selection tool.

Importance value [%] Property 1 Property 2 Property 3 Property 4

Customer need 1 17 9 1 0 3
Customer need 2 66 3 3 1 3
Customer need 3 17 3 1 9 0
Relevance of wood properties [%] 36.5 21.1 19.9 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).

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.

346 B. Neyses & D. Sandberg



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 relev-
ance 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.

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.

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. Never-
theless, many values for certain species could be
verified by the Holzatlas, indicating that the online
wood database contains plausible data. The Holza-
tlas 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 web-
survey, 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:

. 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 ‘Super-
Mahogany’ (Hernandez 2008).

. Mahogany: Mainly used on guitars of the
Gibson Company and related models.

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.

Table II. Basic benchmarking matrix example.

Wood property 1 Wood property 2 Wood property 3 Wood property 4 Normalized benchmark

Relative relevance [%] 36.5 21.1 19.9 22.6
Wood species 1 5 3 3 4 31.2
Wood species 2 4 2 5 3 28.1
Wood species 3 2 5 2 1 19.0
Wood species 4 4 1 2 3 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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. Maple: Arguably the most popular species for
electric guitar necks. Also used for guitar bodies.

. Poplar: A common choice for low- to medium-
priced guitars.

. Rosewood: Arguably the most popular species
for guitar fretboards.

. Walnut: A common choice for guitars in the
upper price range.

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

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 III. Wood properties of the wood species data-set.

Name of variable Unit/scale Description of variable

Origin Continent The continent where the species is mainly found
Vulnerability Yes or No Is the wood species threatened, endangered or close to it?
Density kg/m³ Density at 12% moisture content
Vessel d (e) μm Average vessel diameter of the earlywood
Vessel d (l) μm Average vessel diameter of the latewood
Vessel length μm Average vessel length
Pore arrangement 1-3 1 = ring-porous; 2 = semi-ring-porous; 3 = diffuse-porous
Vessel groupings 1-3 1 = vessels solitary; 2 = vessels in radial multiples; 3 = vessels in clusters common
Vessels/mm² 1 Average number of vessels per mm²
Percentage of vessels % Percentage of vessels of all cell types
Texture 1-3 1 = fine and even grain; 2 = medium grain; 3 = coarse grain
Fibre direction 1-3 1 = mainly wavy or interlocked; 2 = straight, wavy or interlocked; 3 = mainly straight
Fibre wall 1-3 Average thickness of the fibre wall (qualitative); 1 = thin, 2 = medium, 3 = thick
Fibre wall thickness μm Average thickness of the fibre wall x 2
Fibre lumen d μm Average diameter of the fibre lumen
Fibre length μm Average length of the fibres
Percentage of fibres % Percentage of fibres of all cell types
Thickness/lumen 1 Ratio of “Fibre wall thickness” to “Fibre lumen d”
Percentage of cellulose % Average percentage of cellulose of all chemical compounds found in the specie
Percentage of lignin % Average percentage of lignin of all chemical compounds in the specie
MOR MPa Average modulus of rupture parallel to the grain
MOE GPa Average modulus of elasticity parallel to the grain
Hardness N Average Janka hardness
Comp II MPa Average compression strength parallel to the grain
Movement T % Swelling/shrinkage in tangential direction between fibre saturation point and MC=0
Movement R % Swelling/shrinkage in radial direction between fibre saturation point and MC=0
Movement V % Volumetric swelling/shrinkage between fibre saturation point and MC=0
T/R ratio 1 Ratio between the variables “Movement T“ and “Movement R”
Workability 1-3 1 = difficult to process; 2 = medium difficulty to process; 3 = easy to process
Availability 1-3 1 = low availability; 2 = medium availability; 3 = high availability

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

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

Table IV. Customer needs regarding electric guitars.

Customer need Importance
Relative

importance (%)

Good balance in playing
position

4.2 14.8

Insensitivity to climate
changes

3.7 13.1

Guitar is ergonomic 3.7 13.1
High robustness 3.5 12.4
Spectacular grain appearance 3.4 12.0
Low weight 3.3 11.7
Thin neck profile 3.3 11.7
Used wood species not
endangered

3.2 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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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 vulnerabil-
ity 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 trade-
off decision was necessary. Hence, circle 4 indicates
the region with the greatest possibility of containing
suitable wood species. It provided the best com-
promise between a low density, moderate MOE, and
low movement. The region in the loading plot was
superimposed upon the score plot, where the suit-
able 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

Table V. Relevant wood properties of the example case.

Wood property Relative importance (%) Preferred manifestation of the property

Average density at 12% MC 19.2 Minimum
Modulus of elasticity 8.6 Maximum
Movement related variables 7.9 Minimum
Availability 6.9 Maximum
Vulnerability 6.9 Minimum
Janka hardness 6.8 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.

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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. 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

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.
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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 vari-
ables. 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 data-
set 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-of-
use. 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 spe-
cies 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 work-
flow 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

Table VI. Benchmark scores of the wood species.

Wood species from step 2 Benchmark score Rank R = Reference, S = Selected with PCA

Poplar 314 1 R
European lime 303 2
Limba 301 3 RS
Honduran mahogany 300 4 RS
Yellowheart 299 5
Basswood 298 6 R
Butternut 298 7
Mango 297 8 S
Red Alder 296 9 R
Cucumbertree 295 10
White meranti 288 18 S
Avodire 275 34 S
Canarywood 272 40 S
Teak 268 47 S
European walnut 266 54 RS
Hard Maple 265 55 R
Movingui 260 66 S
Brazilian rosewood 254 82 R
Pyinma 253 86 S
Mulberry 231 136 S
Coffeetree 229 139 S
Hububalli 229 142 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.

351New methodology to select hardwood species



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 cor-
relations 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 model-
ling. Apart from adding regular wood species,
engineered wood might also be added, for example
glued-laminated-timber or compressed wood.
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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 123 
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 non-
densified 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 low-
density 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. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

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. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 1: Workflow of the wood species selection method 



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 
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 low-
priced wood species receives a high value for the price 
property. 
2.2 DETERMINATION OF THE MOST 

RELEVANT PROCESS REQUIREMENTS 
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, 

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 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 two-
dimensional 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 
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 

Density kg/m3 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 Ratio of the “Log diameter max” to the “Log diameter min” 

Block size 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 

Hardness N Average Janka hardness 

Hardness/density Nm3/kg  “Hardness” divided by “Density” 

Compressive strength 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 
Score Rank Importance of 

property [%] 20 10 30 40 

Species A 9 6 2 5 500 3 

Species B 6 7 10 1 530 2 

Species C 3 5 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 left-
hand 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 

Requirement 
Relative 

importance, two-
step scale [%] 

Relative 
importance, seven-

step 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 

Wood property 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 

 
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 
properties excluded. The wood species are coloured after density. Blue dots indicate a density of 550 kg/m3 or less, and red 
dots a density greater than 500 kg/m3 
 



 
 

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
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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 non-
essential 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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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. 

17



Proceedings of the 59th International Convention of Society of Wood Science and Technology 

March 6-10, 2016 – Curitiba, Brazil 

Future work will continue on optimization of the densification process, and also on 
improving the process from an economic and an environmental perspective. 

Key words: wood modification, compression, thermo hydro mechanical processing 

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 surface-
densified wood. 

Rautkari et al. (2010) investigated one of the crucial obstacles that prevent surface-
densified wood from being a marketable product: set-recovery, the moisture- or heat-
induced “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 
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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). 
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.  
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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). 

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. 

Table 1: Sample overview and process parameters. 

Pre-heating Densification process 
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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 

11 190 180 50 20 5 

12 180 90 45 20 5 

13 170 90 45 20 5 

14 180 90 130 20 5 

15 175 90 130 20 1 

16 170 90 170 20 2 

17 160 90 145 20 3 

18 20 0 140 20 3 

19 20 0 130 20 3 

Determination of the sample thickness, density and density profile 
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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 cross-
sectional 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 set-
recovery 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 non-
renewable 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 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 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 surface-
densified 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 set-
recovery 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 cross-
section 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 %. 
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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 Pre-treatment Plasticization Densification Heated roller Post-treatment 
R No No No No No 
D No Yes Yes Yes No 
DH No Yes Yes No No 
D-M No Yes Yes Yes Methacrylate 
DS- Sodium hydroxide Yes Yes Yes No 
DSM Sodium hydroxide Yes Yes Yes Methacrylate 
DM- Methacrylate Yes Yes Yes No 
DL No Yes Yes Yes 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: 
 

Set-recovery= (oven dry thickness after soaking- oven dry thickness after compression)
(initial uncompressed thickness-oven dry thickness after compression)  

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/dry-
cycles 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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The hardness of the outer regions 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  the  potential  advantages  over  more
expensive hardwood species or non-renewable materials are reduced. Using
fossil-based  plastics  or  applying  wood  densification  processes  with  a  high
energy consumption has adverse effects on the environment. In a previous
study, it was shown that the surface of wood can be densified by a continuous
high-speed process, adopting a roller pressing approach. The desired density
profiles  could be obtained at  process  speeds  of  up to  80 m min-1,  but  an
equally simple and fast method to eliminate the moisture-induced set-recov-
ery of the densified wood cells is still required. For this reason, the goal of the
present study was to evaluate the effect on the set-recovery and hardness of
surface-densified  Scots  pine  after  a  fast  pre-treatment  with  solutions  of
sodium silicate, sodium hydroxide, methacrylate resin, and ionic liquids. The
Scots pine specimens were pre-treated by applying the chemical treatment
and impregnation agents to the wood surface with a paper towel, before the
specimens were densified. For each type of treatment, 15 specimens were
densified in a hot press. The set-recovery was measured after two wet-dry
cycles, and 30 Brinell hardness measurements were carried out on each group
of specimens. In general, the effect of the treatments on the set-recovery was
rather low. Ionic liquid solutions appear to work as a strong plasticiser and the
treatment led to a reduction in set-recovery by 25%. The treatments with
sodium silicate, ionic liquids and methacrylate resin led to a greater hardness
than in untreated and densified specimens. Further experiments are needed
to improve the depth of penetration of the treatment solutions into the wood
surface, as this was identified as one of the main causes of the rather weak
effects.

Keywords: Water Glass, Compression, Wood Modification, Surface Treatment,
Ionic Liquid, Sodium Hydroxide, Methacrylate Resin, Sodium Silicate

Introduction
Beginning in the middle of the 20th cen-

tury, the amount of resources used by the
human  population  started  to  exceed  the

long-term resource  capacity  of  the  earth.
Today, a growing number of people recog-
nise that this trend cannot go on forever.
The  available  resources  need  to  be  used

sustainably  and the use  of  renewable  re-
sources, such as wood, is growing in popu-
larity.  Even  though  wood  is  widely  avail-
able all over the world and will remain so in
the  future  if  managed  properly,  certain
wood  species  are  largely  associated  with
cost-driven  products.  This  applies  espe-
cially  to  many  softwood  species,  such  as
pine  or  spruce,  which  are  predominantly
found  in  boreal  and  temperate  forests.
Through wood modification it is possible to
improve  the  properties  of  these  wood
species, so that they can be used for per-
formance-driven products.

The  first  patents  for  compressed  wood
were issued to  Sears (1900) in the United
States. Various techniques were developed
in the course of the 20th century, including
mechanical  and  hydrostatic  compression
with added steam and/or heat,  but  these
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never became a commercial success. In Eu-
rope, a German patent was issued in 1923
(Holzveredelung 1923)  for  the permanent
fixation  of  densified  wood  by  chemical
treatment,  but  without  mentioning  the
temperature (T) or pressure (P) used in the
process.  In  1930,  compressed  solid  wood
was produced under the trade name “Lig-
nostone” in Germany,  and it  is  still  being
produced by Röchling Group, Germany and
by Lignostone®, Netherlands (Kutnar et al.
2015).

Seborg et al. (1945) found that a density
of 1300 kg m-3 could be achieved at a pres-
sure of  10-17 MPa on birch laminates,  de-
pending on the plasticising conditions. This
product  is  called  “Staypak”  and  the  pur-
pose was to improve the mechanical prop-
erties with a focus on hardness and abra-
sion  resistance.  The  temperature  applied
for Staypak was not high enough to give a
long-term dimensional stability if the prod-
uct was moistened. An additional problem
was  that  the  compressed  wood  must  be
cooled to below 100 °C under full pressure
in order to avoid an elastic spring-back ef-
fect (Kollmann et al. 1975). In the following
decades,  many studies  into the  densifica-
tion  of  wood  followed  (Kollmann  et  al.
1975,  Navi  et  al.  2000,  Kutnar  &  Sernek
2007,  Neyses et al. 2016). Already in 1968,
Tarkow and Seborg published a study on
the densification of only a few millimetres
of wood cells directly beneath the surface
of a board, while the core remained in its
original state (Tarkow & Seborg 1968). For
certain applications, such as wood flooring
and table tops, the combination of a hard
surface  and  a  relatively  soft  core  with
proper  damping  characteristics  is  more
suitable  than  a  board  that  is  densified
through its entire thickness.

For  the  most  part,  studies  into  the  sur-
face  densification  of  wood  have  focused
on batch processes to understand the in-
fluence of the process parameters on the
properties, especially the density profile of
the surface-densified wood. Rautkari et al.
(2011) studied the relationship between the
density profile of the densified wood and
the  compression  ratio,  pressing  tempera-
ture,  and  pressing  time.  They  found  that
shorter pressing times and lower tempera-
tures  led  to a  density  profile  with  a  high
density  peak  close  to  the  wood  surface.
Laine  et  al.  (2014) examined  the  micro-
scopic  structure  of  the  wood  cells  after
densification. As in the study of Rautkari et
al.  (2010),  the  most  pronounced  density
profile was obtained at pressing tempera-
tures  of  150  to  200  °C  and  press  closing
times of 30 to 60 s. The surface densifica-
tion of aspen at a pressing temperature of
145 °C with a total pressing time of 12 min
led to an almost doubled surface hardness
(Gong et al. 2010).  Laine et al. (2013a) ob-
tained  a  similar  hardness  increase  after
densifying Scots pine at a pressing temper-
ature of 150 °C and a closing time of 30 s. In
a similar experiment, it was found that the
compression ratio had no significant effect

on the resulting hardness (Rautkari  et  al.
2013).

From a technological perspective, the ex-
isting studies provide a decent understand-
ing of both the gross and the surface densi-
fication of  wood.  However,  these studies
did not take into account industrial imple-
mentation  aspects  such  as  process  costs
and  time  consumption.  For  example,
“Compreg” type plywood is  commercially
available, but only at prices almost an or-
der of magnitude higher than those of its
undensified counterpart. In an attempt to
develop  a  more  industrially  applicable
process,  Neyses et al. (2016) introduced a
continuous roller  pressing process  with  a
speed  of  up  to  80  m  min-1.  This  process
could compress the surface of Scots pine
so that  density  profiles  with  a  strong  in-
crease in density just beneath the surface
were achieved.

When  the  load  was  removed  from  the
compressed wood, the elastic deformation
was instantaneously recovered and this re-
covery is called spring-back. The remaining
deformation can be released if the wood is
exposed to humidity (in the absence of an
external  force),  and  the  densified  wood
then almost completely returns to its initial
dimensions prior to the densification. This
re-shaping of wood cells is called compres-
sion-set  recovery,  set-recovery,  or  shape
memory (Morsing 2000,  Navi  & Sandberg
2012).  The  fixation  of  compressive  defor-
mation in wood products, in particular the
set-recovery, is a challenge. The set-recov-
ery can be reduced or eliminated by ther-
mo-hydro treatments or chemical modifica-
tion, but is still one of the major obstacles,
preventing  the  large-scale  commercializa-
tion of surface-densified wood products.

In 1941, Stamm and Seborg developed a
product called “Compreg”: highly densified
wood impregnated with phenol-formalde-
hyde  resin,  which  successfully  eliminates
the  set-recovery  (Stamm  & Seborg  1941).
Compreg has an even higher hardness and
compressive strength than Staypak, but is
more brittle and problematic from an envi-
ronmental perspective.  Gong et al.  (2010)
were able to eliminate the set-recovery of
surface densified aspen almost entirely by
a  combined  steam  and  heat  post-treat-
ment  at  200  °C  for  3  hours.  Laine  et  al.
(2013b) achieved similar results for surface
densified Scots pine at the same treatment
temperature.  Acetylating  wood  before
densification resulted in a reduction of the
set-recovery  from 70 to  20%  (Laine  et  al.
2016).

Wood  modification  using  silicon  com-
pounds  has  been  studied  by  many  re-
searchers  in  order  to  improve  fire  retar-
dancy,  biological  resistance  and  dimen-
sional  stability  (Furuno  &  Imamura  1998,
Mai & Militz 2004, Kartal et al. 2007, Altun
et al. 2010,  Ghosh et al. 2012). Sodium sili-
cate  (Na2SiO3)  solution,  so-called  “water-
glass”, is water-soluble and highly alkali. By
applying  Na2SiO3 to  solid  wood  various
changes  in  wood  properties  can  be

achieved. Basically, it is essential to fill the
lumina  of  wood  cells  with  the  chemical
(Mai & Militz 2004).

Aqueous  sodium  hydroxide  (NaOH)  has
typically been used for alkali treatment on
solid wood surfaces. Treatment with a high
concentration of NaOH removes wood ex-
tractives  from  the  wood  matrix  (Chen
1970) and crystalline cellulose is converted
to cellulose II or III which can be more eas-
ily hydrolysed than native cellulose (Tolan
2006). NaOH generally increases the wetta-
bility of  the wood surface and swells  the
wood  structure  (Christiansen  1990).  This
treatment also increases the number of hy-
droxyl  groups on the wood fibre surface,
so that  the wood surface becomes more
hydrophilic (Dai & Fan 2014). NaOH can in-
terrupt  interaction  between  the  wood
components  by  hydrolysing  ester  bonds
between  fatty  acids  and  cellulose,  which
results in the sodium salt of the carboxylic
acid becoming more soluble (Christiansen
1990).

Recently,  so-called  “ionic  liquids”  have
been  studied  for  dissolving  cellulose  and
wood (Swatloski et al. 2002,  Kilpeläinen et
al. 2007,  Sun et al. 2009). Ionic liquids are
seen as “green solvents” and are organic
salts with a melting temperature below 100
°C. Apart from their ability to dissolve cellu-
lose, several studies report positive effects
on  antifungal  and  antimicrobial  activity,
and on fire and UV degradation resistance
(Pernak  et  al.  2003,  Patachia  et  al.  2012,
Foksowicz-Flaczyk  &  Walentowska  2013,
Miyafuji & Fujiwara 2013).

Ou et al. (2014) used various ionic liquids
to  plasticise  poplar  wood  and  measured
the level of plasticisation with the help of a
nonisothermal compression technique. Ac-
cording  to  the  authors,  treatment  with
ionic  liquids  transformed  the  wood  –  in-
cluding  crystalline cellulose  –  into  a  ther-
moplastic material, which means that upon
reaching  a  certain  temperature  it  can  be
deformed plastically, without or only little
elastic deformation. In this way, the set-re-
covery  can  possibly  be  reduced,  or  even
prevented from occurring in the first place.
1-Ethyl-3-methylimidazolium  chloride  ap-
parently had the strongest effect as a plas-
ticiser of the four ionic liquids tested.

In  alignment  to  the  development  of  a
high-speed  surface  densification  process,
the objective of the present study was to
assess  the  efficacy  of  fast  pre-treatment
techniques for surface-densified Scots pine
in order to reduce the set-recovery and in-
crease the hardness:
• Sodium silicate to fill  the cell lumen and

subsequently polymerise and stabilise the
densified wood and increase its hardness.

• Methacrylate ester monomers to fill  the
cell lumen, and subsequently polymerise
and stabilise the densified wood and in-
crease  its  hardness.  Generally,  this  im-
pregnation  treatment  is  supposed  to
work  in  a  similar  way  as  the  treatment
with Sodium silicate.

• Sodium  hydroxide  for  the  activation  of
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Chemical pre-treatments of surface-densified Scots pine wood

hydroxyl  groups to lower  the set-recov-
ery.

• Ionic  liquid  (1-Ethyl-3-methylimidazolium
chloride) to eliminate internal stresses by
plasticising  crystalline  cellulose.  The  ex-
pected  plasticising  effect  could  lead  to
extreme deformations, which would have
a positive effect on the hardness.

Materials and methods

Specimen preparation
Specimens were cut from Scots pine (Pi-

nus  sylvestris  L.)  boards  obtained  from
northern Sweden and conditioned in a cli-
mate  chamber  at  a  temperature  of  20 °C
and 65% relative humidity to reach an aver-
age moisture content (MC) of 13-14%. The
conditioned  specimens  were  sawn  to  a
width of 25 mm (tangential) and planed to
a thickness of 17 mm (radial). The two dif-
ferent specimen lengths of 149 mm and 120
mm were chosen because of the platen di-
mensions of the two different hot presses
used  for  the  surface  densification.  The
specimens were cut so that the densified
side  did  not  contain  any  heartwood  or
knots.  The  annual  growth rings  were ori-
ented between 0° (horizontal) and approx.
30° to the surface to be densified, and the
density of the untreated specimens varied
between 420 kg m-3 and 520 kg m-3. After
cutting  the  specimens,  they  were  ran-
domised  and  grouped  according  to  the
type  of  treatment.  The  densification  and
chemical  treatments  were  carried  out  in
two  different  experiments,  one  at  Aalto
University  in  Finland,  the  other  at  Luleå
University of Technology in Sweden (Fig. 1).

Experimental procedure
All  the  treatments  were  applied  to  one

side of  the specimens before the surface
densification.  The  specimens  were  densi-
fied in the radial direction in an open sys-
tem, consisting of two platens attached to
a press, of which the lower platen can be
heated and cooled (Fig. 2). By compressing
the specimens to a target thickness of  15
mm,  a  compression  ratio  of  12%  was
achieved. The specimens were grouped ac-
cording to their respective treatments:
• CA: untreated control specimens at Aalto

University;
• CL: untreated control specimens at Luleå

University;
• DA:  untreated,  densified  specimens  at

Aalto University;
• DL:  untreated,  densified  specimens  at

Luleå University;
• SS 20-100: treated with sodium silicate at

20,  40,  50,  80 or 100% concentration by
volume, no densification;

• DSS 20-100:  treated with sodium silicate
at 20, 40, 50, 80 or 100% concentration by
volume, surface-densified;

• DSH 0.4-8:  treated with sodium hydrox-
ide at 0.4, 4 or 8% concentration by vol-
ume, surface-densified;

• DI 10-20: treated with ionic liquid at 10 or
20%  concentration  by  weight,  surface-

densified;
• DM: treated with methacrylate resin, sur-

face-densified.

Untreated and densified specimens: DA 
and DL

The specimens in groups DA and DL were
not treated before densification. Group DA
was densified at 130 °C with a closing speed
of 0.067 mm s-1, followed by a holding time
of 60 s, and a cooling period of about 60 s,
to a temperature below 100 °C. Densifying
Scots pine in this way leads to a densifica-
tion of the wood cells beneath the surface
that  is  in  contact  with  the  heated  press
platen, while the core and the wood cells
close  to  the  opposite  surface  largely  re-
main in their initial, uncompressed state.

Due to limitations regarding the minimum
closing speed of the pressing equipment at
Luleå  University,  the densification regime
was adjusted. At first, the specimens were
put on the heated platen (150 °C) for 30 s
without pressure, after which a pressure of
1 MPa was applied with a closing speed of
2.5 mm s-1 and held for 45 s. Subsequently
the pressure was increased to 4 MPa with a
closing speed of 2.5 mm s-1, which resulted
in compression to the target thickness of
15 mm. The pressure was held for 30 s, fol-
lowed by cooling to  below 100 °C,  which
took another 90 s.

The thickness of the specimens was mea-

sured with a digital calliper before and af-
ter  the densification process,  so that  the
spring-back after densification could be de-
termined. The groups DA and DL consisted
of 15 specimens each.

Sodium silicate treatment: SS 20-100 and 
DSS 20-100

The sodium silicate (Na2SiO3) solution as
supplied  by  the  producer  (Merck  KGaA
105621 sodium silicate solution) contained
35% of  pure  sodium  silicate.  This  solution
was dissolved in water at different volume
concentrations  (20,  40,  50,  80  and  100%
sodium silicate solution) prior to the treat-
ment.

The resulting aqueous solutions were ap-
plied  to  the  wood  surface  with  a  paper
towel, so that the surface was entirely wet-
ted. After 30 s waiting time, excess liquid
on the wood surface was wiped off  with
another dry paper towel. To determine the
mass  gain,  the  specimens  were  weighed
before and after impregnation.

The groups DSS 20-100 were densified in
the same way as group DA, as described
above. The groups SS 20-100 consisted of 5
specimens each, while the groups DSS 20-
100 consisted of 15 specimens per concen-
tration.

Methacrylate resin impregnation: DM
The  methacrylate  resin  (TurnTex  Wood-
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Fig. 1 - Overview of 
the two surface den-
sification experi-
ments and the 
respective dimen-
sions of the speci-
mens.

Fig. 2 - The densifica-
tion equipment 
used at Aalto Uni-
versity. The lower 
press platen can be 
heated and cooled.
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works Cactus Juice Resin) was applied with
a dry paper towel until  the wood surface
was  completely  wetted.  After  5  minutes,
the procedure was repeated, followed by
another 5 minutes waiting time.

The densification process was carried out
in  the same way as  for  group  DL,  as  de-
scribed above.  Group DM consisted of  15
specimens.

Sodium hydroxide treatment: DSH 0.4-8
The  sodium  hydroxide  (NaOH  – Merck

1.06495.0250)  was  dissolved  in  water  to
obtain aqueous solutions with volume con-
centrations of  0.4,  4  and 8%.  The sodium
hydroxide  solutions  were  applied  in  the
same way as the sodium silicate solutions
and the densification process was carried
out as for group DA, described above. The
groups  DSH  0.4-8  consisted  of  15  speci-
mens for each concentration.

Ionic liquid treatment: DI 10-20
1-Ethyl-3-methylimidazolium  chloride  of

97% purity was dissolved in ethanol to ob-
tain weight concentrations of 10 and 20%.
As the expected effect of  the ionic liquid
solution is  compromised by the  presence
of water, it was applied to oven-dried spec-
imens with the help of a dry paper towel
until  the  wood  surface  was  completely
wetted.  After  10  minutes,  the  procedure
was repeated, followed by another 10 min-
utes waiting time.

The densification process was carried out
as for group DL,  but at a temperature of
200  °C,  to  ensure  that  the  treated  wood
would  be  sufficiently  plasticised.  Due  to
the  higher  press  platen  temperature,  the
cooling period lasted for approx. 120 s. The
groups DI 10-20 consisted of 15 specimens
for each concentration.

Set-recovery determination
The  set-recovery  of  the  specimens  (Rs)

was measured after one and two cycles of
soaking in water for 24 h at 20 °C, followed
by oven-drying at 103 °C for 24 h. The set-
recovery is defined as (eqn. 1):

(1)

where R0 is the thickness of the specimen
before densification, Rc is the thickness of
the specimen after densification and R′c is
the thickness of the densified sample after
the recovery period. Set-recovery can vary
between 0% and 100%. R = 0% indicates that
there is no shape memory or that the com-
pression-set is completely fixed, and when
R = 100%,  the recovery is total.  When the
specimen  is  not  totally  fixed,  R  will  take
some  value  between  0%  and  100%.  The
problem in this way of calculating the set-
recovery  is  that  the initial,  uncompressed
oven-dry  thickness  was  not  known  for
specimens that  were densified  at  a mois-
ture  content  of  13-14%.  For  this  reason,  a
test set of specimens, cut to the same di-
mensions  and  with  the  same annual  ring
orientation in the cross section was oven-
dried. The average shrinkage percentage in
the radial direction of these specimens was
applied to the other specimens to extrapo-
late  their  oven-dry  thickness  before com-
pression. In this way, the set-recovery phe-
nomenon  is  separated  from  the  regular
moisture-induced  shrinkage of  wood.  Ap-
plying the simulated average shrinkage to
the  test  set  resulted  in  a  difference  be-
tween  real  and  simulated  oven-dry  thick-
nesses of less than 0.02 mm.

Hardness determination
The Brinell hardness measurements were

made in accordance with the standard EN-
1534  but  with  several  modifications.  A
Zwick Roell ZwickiLine 2.5 TS universal test-
ing machine equipped with a 2.5 kN load
cell and a steel ball with a diameter (D) of

10 mm was used. The force was increased
at a rate of 4 kN per minute to a nominal
force (F) of 1 kN, which was held for 25 s
before being released.

According  to  the  standard,  the  Brinell
hardness is calculated from the diameter of
the  indentation  in  the  specimen.  In  this
case,  however,  the  Brinell  hardness  was
calculated from the depth of the indenta-
tion. The reason for this modification is the
difficulty of measuring the diameter of the
indentation in wood. In contrast to steel or
other metals, wood does not leave an in-
dentation with a clear border. The depth of
the indentation (h) can be, however, mea-
sured with high accuracy and precision by
the  hardness  testing  equipment.  For  the
same  reason,  Niemz  &  Stübi  (2000) and
Laine et al. (2013a) previously implemented
a similar approach. Thus, the Brinell  hard-
ness (HB) is here defined as (eqn. 2):

(2)

A  total  of  30  hardness  measurements
were  made  on  each  group,  except  for
those that  were treated with sodium sili-
cate,  but  not  densified  (SS  20-100).  For
these four groups, only 10 measurements
each were made.

Effect of treatments on wood colour
Colour changes caused by the treatments

and  the  densification  process  were  as-
sessed in a qualitative way by visual inspec-
tion.

Results
The objective of the study was to deter-

mine the effect of various chemical and im-
pregnation treatments on the set-recovery
and  hardness  of  surface-densified  Scots
pine.  The  following  sub-sections  present
the main results.
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Fig. 3 - The mean set-recovery of all groups after one and two
wet-dry cycles. The error bars show the standard deviation of
each group.

Fig. 4 - The Brinell hardness (left-hand ordinate, grey bars) and
the ratio between hardness and density (right-hand ordinate,
black diamonds) for all groups. The error bars show the stan-
dard deviation of each group.
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Chemical pre-treatments of surface-densified Scots pine wood

Elastic spring-back and set-recovery
The elastic spring-back upon releasing the

pressure after the cooling period was be-
tween  10%  and  20% for  all  specimens,  re-
gardless  of  the  applied  treatment.  Fig.  3
presents the mean set-recovery after wet-
dry cycling. For groups DA and DSS 20-100,
the  set-recovery  decreased  between  the
first and second wet-dry cycle. In general,
the  effect  of  the  pre-treatment  with
sodium silicate was rather small. The treat-
ment  with  sodium  hydroxide  led  to  a
slightly  greater  reduction  in  set-recovery,
and a high solution concentration seemed
to slightly increase this effect. In the case
of the sodium silicate treatment, there was
no significant  difference  between  the  ef-
fects of  the tested concentrations.  Meth-
acrylate  resin  impregnation  reduced  the
set-recovery by 10-15%.

The treatment with the ionic liquid led to
the greatest reduction in set-recovery. Af-
ter the second dry-wet cycle the set-recov-
ery was about 65% in both groups and it re-
mained stable between the first  and sec-
ond wet-dry cycles.

Brinell hardness
In  Fig. 4 the mean hardness of all speci-

men  groups  is  indicated  by  the  left-hand
ordinate.  To  cancel  out  the  influence  of
density variations on the results, the right-
hand  ordinate  shows  the  ratio  between
hardness and density (black diamonds).

The sodium silicate treatment did not in-
fluence  the  hardness  of  the  undensified
specimens.  Densifying  the  specimens  al-
most  doubled  the  hardness  compared to
the undensified specimens. The group DSS
20 had a 10% higher hardness than the den-
sified  specimens without treatment  (DA).
Higher  concentrations  of  sodium  silicate
led to a smaller increase in hardness. The
specimens treated with sodium hydroxide
had  a  slightly  lower  hardness  than  the
group DA.

The hardness increase of group DL in rela-
tion to group CL is lower than the hardness
increase of group DA in relation to group
CA. Visual inspection of the cross-sections
of the specimens showed that the density
peaks of group DL were not as close to the
surface as the density peaks of group DA.
In  relation  to  group  DL,  the  specimens
treated  with  ionic  liquid  solutions  (DI  10
and DI 20) and methacrylate resin (DM) ex-
hibited hardness increases of 20% and 50%,
respectively. Taking into account the den-
sity of the specimens does not alter the ob-
servations related to the hardness.

Regardless of the type of treatment, the
densification carried out at Luleå University
yielded  lower  hardness  values  than  the
densification at Aalto University.

The raw data of the hardness tests were
examined to extract information about the
material  behaviour  during the  application
of the test force (Fig. 5). The shallower the
slope of the curve, the higher is the result-
ing hardness. During the first 15 s when the
force  is  gradually  increased  to  1  kN,  the
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Fig. 5 - Behavior of the specimens during the Brinell hardness testing. During the first 
15 s the loading force ramps up to 1 kN, after which it is held constant for another 25 
s. The shallower the slope of a curve, the higher is the resulting hardness.

Fig. 6 - Colour changes on densified Scots pine caused by treatment with sodium sili-
cate at 10, 20, 40, 50, 80 or 100% concentration by volume. Because of the insignifi -
cance of the effects, DSS 10 was not further considered in any of the results.

Fig.  7 -  Colour changes on densified Scots pine caused by treatment with sodium
hydroxide at 0.4, 4 or 8% concentration by volume.
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curve  of  indentation  depth  with  time  is
fairly  straight  for  the  specimens  without
pre-treatment densified at Aalto university
(DA). In contrast, the specimens densified
at Luleå University (DL) exhibit a rapid pro-
gression  of  the  indentation  depth  during
the  first  few  seconds,  after  which  the
curves flatten to a slope similar to that of
the specimens densified at Aalto University
(DA). The curves of the specimens treated
with ionic liquids, sodium silicate or meth-
acrylate resin start at a rather shallow an-
gle that  becomes steeper  during the sec-
ond half of the force increase period.

Colour changes in the treated wood
Fig. 6,  Fig. 7, and  Fig. 8 show the colour

changes caused by the pre-treatments. Be-
cause of the insignificance of the effects,
DSS 10 (Fig. 6) was not further considered
in any of  the results.  The treatment with
sodium silicate  resulted in  a  slight  colour
change towards a more golden hue, which
increased with the concentration of the so-
lution. The treatment with sodium hydrox-
ide led to a slight darkening of the wood at
the two lower concentrations. The 8% solu-
tion had a rather strong darkening effect.
Similar changes were observed in the spec-

imens  treated  with  ionic  liquid,  whereas
the treatment with methacrylate resin led
to  only  a  slight  colour  change towards  a
more yellowish hue.

Discussion

Elastic spring-back and set-recovery
It  is  surprising  that  the  set-recovery  of

groups DA and DSS 20-100 decreased be-
tween the first and second wet-dry cycles.
The existing data do not provide an expla-
nation for this behaviour. The apparent re-
duction  of  the  set-recovery  by  pre-treat-
ment  with  sodium  silicate  or  sodium  hy-
droxide  after  one wet-dry  cycle  was very
small  after  two  cycles.  This  phenomenon
was not observed with the specimens den-
sified at Luleå University, despite the fact
that all  the specimens were cut from the
same batch of boards. Nor was it possible
to observe a clear correlation between the
concentration  of  sodium  silicate  and  the
set-recovery.  The  higher  viscosity  of  the
highly  concentrated  sodium  silicate  solu-
tions (DSS 80 and DSS 100) made it more
difficult for the solution to penetrate into
the  wood  material  and  the  solution  with
the higher concentration had no effect on

the set-recovery.
In the case of the treatment with sodium

hydroxide, a high concentration seemed to
slightly  increase  the  effect  on  the  set-re-
covery, at least between the groups DH 0.4
and DH 4.

The treatment with ionic liquid solutions
had the strongest effect on the set-recov-
ery of all  the studied treatments. The dif-
ference  between  the  two  concentration
levels  was  however  insignificant,  but  the
results are in line with the hypothesis that
ionic liquids are able to plasticise cellulose,
and  thus  reduce  internal  stresses  caused
by  the  cell  wall  deformation  during  the
densification  process  (Kilpeläinen  et  al.
2007,  Ou  et  al.  2014).  In  a  pre-study  in
which the ionic liquid treatment was tested
without  a  cooling  period  after  densifica-
tion,  the  treatment  reduced  the  elastic
springback from 60% to 30%. This suggests
that there is less elastic deformation in the
cellulose that can recover, even though the
surrounding  lignin-hemicellulose  matrix  is
still  plasticised.  The question is,  however,
to what extent the observed reduction in
the set-recovery can be attributed to ther-
mal  degradation  of  wood  components,
caused by the press platen temperature of
200 °C.

The impregnation with methacrylate res-
in  led  only  to  a  rather  small  reduction in
set-recovery. As in the case of the very low
efficacy of the treatment with sodium sili-
cate, this could be due to insufficient pene-
tration into the wood surface and insuffi-
cient weight gain. Both aspects could pos-
sibly be resolved with applying sodium sili-
cate or the methacrylate resin in another
way.  Further  studies  are  needed  to  test
this hypothesis.

Brinell hardness
The results clearly show that a marked in-

crease in hardness was achieved by densi-
fying the specimens.  The  measured hard-
ness of the group DA is in line with the val-
ues obtained by  Laine et al.  (2013a), even
though the densification process parame-
ters were not entirely the same. These au-
thors  suggested  to  reduce  the  pressing
temperature and the press closing time to
see whether this leads to even higher hard-
ness  values.  In  the  present  study,  the
pressing  temperature  was  in  fact  20  °C
lower.
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Fig. 8 - Colour changes on densified Scots pine caused by treatment with ionic liquid
(DI 10 and DI 20) or methacrylate resin (DM). Non-densified (CL) and densified (DL)
specimens without any treatment.

Fig. 9 - Scanning electron
microscope (SEM) 
images of a specimen 
treated with 20% ionic liq-
uid solution. The left-
hand (a) side shows the 
undensified core of a 
specimen, while the 
right-hand (b) side shows
densified cells close to 
the surface.
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Chemical pre-treatments of surface-densified Scots pine wood

However, the objective of this study was
to determine the effect of chemical and im-
pregnation  treatments  on  the  resulting
hardness of the densified wood. The effect
of  the sodium silicate treatment is  some-
what  complex  to  understand.  Group  DSS
20 had a ten percent higher hardness than
group DA, although the density was mar-
ginally  lower.  The  results  for  the  groups
DSS 50 and DSS 80 suggest that there is a
reduction in hardness with increasing con-
centrations of  sodium silicate.  This  obser-
vation is supported by the measured densi-
ties,  which  are  almost  identical  between
these groups.  It  can be  explained by the
lower  mass  gain  with  higher  concentra-
tions  of  sodium  silicate.  The  lower  mass
gain is probably due to the high viscosity of
the highly concentrated sodium silicate so-
lutions, which hampers the penetration of
the solution into the wood surface. The in-
crease in steepness of the curve of inden-
tation depth over time illustrated in Fig. 5 is
in accordance with this hypothesis. For low
concentrations  of  sodium  silicate,  where
penetration did not seem to be an issue,
the  transition  between  the  shallow  and
steep parts was rather smooth and less se-
vere than at high concentrations (DI, DM,
DSS – Fig. 5).

The  densified  specimens  treated  with
100%  sodium  silicate  solution  (group  DSS
100) showed however, an increase in hard-
ness  compared to  the  specimens  treated
with the 50% and 80% sodium silicate solu-
tions.  In  this  case,  the  solution  possibly
hardly penetrates the wood surface – be-
cause  of  its  high  viscosity  –  and  poly-
merises to a thin but hard shell on top of it.
This hard shell would work as an initial, re-
sistant barrier,  resulting in a slight overall
hardness increase. The shape of the curve
of indentation depth over time (Fig. 5; DSS)
supports this hypothesis. Initially, for about
five seconds, the curve is comparably shal-
low, before it becomes steeper in a some-
what abrupt  manner.  However,  the avail-
able data are too weak to draw a definitive
conclusion.  Further  chemical  analyses  are
needed.

Pre-treatment of the densified specimens
with sodium hydroxide appears to result in
a lower hardness than the untreated and
densified specimens. The weakest concen-
tration  of  sodium  hydroxide  yielded  the
lowest hardness. However, taking into ac-
count  the  measured  densities,  the  ob-
served effect of the treatment on the hard-
ness is at best very marginal. There might
be an effect of wood degradation caused
by  the  treatment,  which  is  supported  by
the  rather  severe  colour  change  in  the
specimens treated with the 8% sodium hy-
droxide solution.

Interestingly, the hardness values of the
groups densified at Luleå University were
in  general  lower  than  those  obtained  at
Aalto University. The densification process
itself is probably one of the causes for this.
In the case of  the specimens densified at
Luleå University (DL), the density peak was

not at the surface,  but  about 1-2  mm be-
neath it. The shape of the curve of indenta-
tion depth with time, shown in Fig. 5 with a
steep  first  part  that  later  becomes  shal-
lower, supports this observation (DL). The
treatments with ionic liquid and methacry-
late resin clearly had a  positive effect  on
the  location  of  the  density  peak  and the
overall hardness in relation to group DL.

Fig.  9 shows  scanning  electron  micro-
scope (SEM) images of a specimen treated
with the 20% ionic liquid solution. The left-
hand (a) side shows the undensified core,
while the right-hand side (b) shows densi-
fied  cells  close to the surface.  It  appears
that the ionic liquid solution in fact works
as a strong plasticizer, leading to strong in-
crease in hardness. However, the hardness
increase could potentially be higher with a
deeper penetration into the wood surface.
The hardness test curve indicates a behav-
iour  similar  to that  of  the sodium silicate
treatment (DI and DSS – Fig. 5).

The positive effect on the hardness of the
treatment with methacrylate is probably a
result of a polymerised layer of the impreg-
nation agent close to the densified wood
surface.  Based  on  the  current  data  and
past studies (Stamm & Seborg 1941), there
is no reason to believe that the treatment
affected  the  plasticity  of  the  wood  or
caused any other  type of  chemical  wood
modification.

Conclusions
The objective of this study was to assess

the efficacy of chemical and impregnation
pre-treatments of Scots pine prior to sur-
face densification to reduce the set-recov-
ery and increase the hardness.

In general, the efficacy of the treatments
with regard to the set-recovery was rather
low,  especially  concerning sodium silicate
and sodium hydroxide. The same applies to
the  impregnation  treatment  with  meth-
acrylate resin.

Chemically  modifying the  wood with an
ionic liquid showed better results, despite
an  inadequate  depth  of  penetration  into
the  wood  surface  with  the  application
method used.  The reduction in  set-recov-
ery by almost 30%, an increase in hardness,
and the strong plasticising effect certainly
warrant  further  studies  with  this  type  of
chemical.

The densification of the wood surface al-
most  doubled  the  hardness  compared to
that  of  the  undensified  specimens.  Pre-
treatment of  the wood with low concen-
trations  of  sodium  silicate  resulted  in  a
small  but  significant  increase  in  hardness
after densification. Increasing the concen-
tration  level  did  not  yield  a  higher  hard-
ness,  probably  because  higher  viscosities
hindered  penetration  into  the  wood  sur-
face.  Treatment  with  sodium  hydroxide
had no positive effect on the hardness.

Apart from leading to a reduction in set-
recovery,  the  use  of  an  ionic  liquid  as  a
plasticiser  make  possible  a  targeted  in-
crease in density very close to the surface

of the densified wood. By controlling the
depth of penetration, it should also be pos-
sible to control the depth of densification.
These two factors  potentially  allow for  a
significant increase in hardness in compari-
son to untreated, densified wood.
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ABSTRACT 

Compressing the surface of a wooden board results in a layer of densified wood cells a 
few millimetres thick and a substantial increase in hardness. Surface densification of soft 
woods such as Scots pine opens up new market opportunities for high-value wood 
products, but wide-spread commercialisation is unfortunately hindered by the lack of an 
industrially viable densification process, the major obstacle being the recovery of the 
densified wood cells upon exposure to moisture. This so-called set-recovery is due to 
insufficient plastic deformation of the crystalline cellulose, which is kept in a meta-stable 
state by the surrounding hemicellulose and lignin matrix. In recent years, the dissolution 
of cellulose in ionic liquids became increasingly popular. These ionic liquids are primarily 
based on imidazolium rings or on mixtures of an organic superbase and a carboxylic acid. 
Our hypothesis is that partial dissolution of the crystalline cellulose will largely prevent 
the set-recovery of densified wood, and the objective of this study was to evaluate the 
effect of ionic liquid and superbase pre-treatment on the elastic spring-back and set-
recovery of surface-densified wood. Specimens of Scots pine (Pinus sylvestris L.) were 
treated with ionic liquids or superbases diluted in ethanol, and then densified in a hot press 
at temperatures between 200°C and 270°C. The set-recovery was measured after one and 
two wet-dry cycles. The spring-back when the press was opened was completely 
eliminated. Depending on the pressing temperature, the set-recovery could be reduced 
from about 90% for the control group to only about 10% for the chemically treated 
specimens. A positive correlation between the reduction in set-recovery and the 
concentration of the chemical solution was also observed. The treatment and densification 
process presented in this study can be seen as a precursor to the development of a 
continuous densification process. A closed system is not necessary and both the chemical 
treatment and the densification stage have the potential to be performed in a continuous 
manner. Further studies are however needed to optimize the treatment and understand its 
underlying mechanisms. 

INTRODUCTION 

Although it is not a new research area in the field of wood science, the surface 
densification of wooden boards has in recent years been a subject of increasing popularity. 
Creating a layer of densified wood cells a few millimetres thick just beneath the surface 
can lead to a twofold increase in hardness (Gong et al. 2010, Laine et al. 2013), and this 
opens up new opportunities for low-density woods species to be used for high value 
products, such as wooden flooring or window frames. 
One of the major obstacles preventing the widespread commercialisation of surface-
densified wood products is the elastic spring-back and in particular the set-recovery of the 
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compressed wood cells in the context of an industrial process. The elastic spring-back – 
which occurs immediately when releasing the compression force – is greatly reduced by 
introducing a cooling stage before the pressure is released at the end of the densification 
process (Neyses 2016), and the moisture-induced set-recovery can be eliminated by 
chemical modification, by impregnation, or by a thermo-hydro-mechanical post-treatment 
stage (Kutnar et al. 2015). These established methods are however either very time-
consuming or difficult to translate into a continuous process. 
 
One of the major theories describing the underlying mechanisms of the elastic spring-
back and the set-recovery was presented by Navi and Sandberg (2012) and further 
described by Navi and Pizzi (2014), who suggested that the set-recovery is due to the 
elastic deformation of crystalline cellulose, which is ‘frozen’ inside the plastically 
deformed matrix of lignin and hemicellulose. A re-plasticisation of the matrix after it has 
been densified, e.g. through moisture, leads to a recovery of the elastic deformation in the 
crystalline cellulose. Our hypothesis is that the set-recovery will be greatly reduced if a 
plastic deformation of the crystalline cellulose can be achieved in the initial plasticisation 
stage before densification. This is, however, difficult to accomplish with the existing 
methods of plasticising wood, such as the combination of moisture and heat, or treatment 
with gaseous ammonia. 
 
Starting in the 21st century, several studies have explored the possibility of plasticising 
cellulose by treatment with so-called ionic liquids (ILs) (Swatloski et al. 2002, 
Kilpeläinen et al. 2007). An IL is a salt that is liquid at relatively low temperatures, 
normally below 100°C, and consists of ions instead of electrically neutral molecules. 
Apart from being considered to be green solvents of cellulose, ILs are reported to have 
antifungal and antimicrobial effects, and increase the fire resistance and UV-stability of 
wood. Ou et al. (2014) reported that IL treatment transforms wood into a thermoplastic 
material with only a very small elastic deformation under load. This behaviour suggests 
that the elastic spring-back and the set-recovery can be largely reduced by such treatment. 
The first generation of ILs that were used to dissolve cellulose consist of imidazolium-
based cations, often combined with a halogen anion, such as chloride or bromide. These 
ILs are highly effective, but also expensive. More recently, several studies have explored 
the potential of ILs made of amidine- or guanidine-based cations, combined with a 
carboxylic acid, such as propionic acid or acetic acid as the anion (King et al. 2011). Due 
to their high basicity, these amidines and guanidines are also known as superbases 
(Ishikawa 2009). Parviainen et al. (2013) and Hanabusa et al. (2018) reported that this 
new generation of ILs is considerably cheaper and easier to recycle than imidazolium-
based ILs. As wood is itself somewhat acidic, we also decided to test a pre-treatment with 
only the amidine or guanidine component as cations, to see whether they would form an 
IL in-situ with the wood’s acid groups as the anions. The in-situ IL would then plasticise 
the cellulose. 
 
The purpose of this study was to evaluate the effect of ionic liquid and superbase pre-
treatments on the elastic spring-back and the set-recovery of surface-densified wood, and 
we therefore screened various combinations of chemical compounds, solution 
concentrations and densification temperatures. 
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EXPERIMENTAL 

Specimen preparation 

The study was carried out on knot-free sapwood specimens of Scots pine (Pinus sylvestris 
L.) with dimensions of 124 mm (L) x 25 mm (T) x 18.5 mm (R). The annual ring 
orientation was within ±15° parallel to the tangential wood surface to be densified. The 
specimens were kept in a climate chamber at a temperature of 20°C and 65% relative 
humidity (RH) until they reached the equilibrium moisture content (MC). 

Preparation of chemicals 

The specimens were treated with various ILs or organic superbases, diluted with ethanol 
to different concentrations (Table 1). The IL 1-Butyl-3-methylimidazolium chloride 
(Bmim[Cl]), and the superbases 1,5-Diazabicyclo(4.3.0)non-5-ene (DBN), 1,8-
Diazabicyclo(5.4.0)undec-7-ene (DBU) and 1,1,3,3-Tetramethylguanidine (TMG) were 
purchased from Acros Organics. Another IL was made by mixing DBN with propionic 
acid in an equimolar ratio, resulting in DBN propionate (DBN[EtCO2H]). 

Chemical pre-treatment 

Prior to densification, the chemical solutions were applied with a pipette onto the wood 
surface to be densified. In order to keep the amount of solution consistent, the content of 
one pipette filling was distributed over the surfaces of two specimens. Within one minute, 
the solutions were completely soaked up by the wood. This procedure was repeated three 
more times for each specimen. In order to encourage the penetration of the chemicals into 
the wood surface, the surfaces were punctured with 3-4 mm deep holes with a diameter 
of about 0.8 mm. Only group 250NDBU (Table 1) was left without holes. All specimen 
groups to be chemically treated were oven dried at 103°C to an MC of 0% prior to the 
pre-treatment. After the pre-treatment, the specimens were kept in an oven at a 
temperature of 60°C for 14 hours to evaporate the ethanol. 

Densification process 

The specimens were densified in the radial direction on the sapwood side in a hot press 
with a water-cooling system. Two or three specimens were densified at the same time. 
For the first 10 seconds of the process, only a low pressure was applied, enough to 
maintain proper contact between the wood surfaces and the heated press platen. The 
pressure was then increased to a level that would only lead to densification if the wood 
cells were sufficiently plasticised. Depending on the parameters and the treatment, the 
target thickness of 15 mm (set by metal stops in the press) was achieved after a time 
between 90 s and 240 s (Table 1). Regardless of the time taken to reach the target 
compression, the specimens were kept at the set temperature for a total of 240 s, after 
which the cooling system was started. The press was opened when the press platen 
temperature reached 60°C. After the densification process, all the specimens were kept in 
an oven at 60°C before the set-recovery was determined. 

Specimen grouping 

Table 1 lists the specimen groups with their respective treatments and densification 
parameters. 
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Table 1: Overview of the specimen groups: CE – Concentration in ethanol, T - Press-platen 

temperature; P – Densification pressure; t1 - Time to reach target thickness; t2 - Total time in press 
before cooling 

 
Group Chemical pre-

treatment 
CE 

[wt%] 
T [°C] MC 

[%] 
P [MPa] t1 [s] t2 [s] 

C150 - - 150 14.8 3.5 80 90 
R270 - - 270 14.8 3.5 80 330 
R250 - - 250 14.8 3.5 80 330 
R230 - - 230 14.8 3.5 80 330 
R200 - - 200 14.8 3.5 80 330 
270BMIM BMIM[Cl] 20 270 0 3.2 90 240 
270DBNIL DBN[EtCO2H] 20 270 0 3.2 90 240 
270DBN DBN 20 270 0 3.2 90 240 
270TMG TMG 20 270 0 3.2 90 240 
270DBU DBU 20 270 0 3.2 90 240 
250DBU DBU 20 250 0 3.2 120 240 
230DBU DBU 20 230 0 3.5 150 240 
200DBU DBU 20 200 0 4.4 230 240 
250HDBU DBU 30 250 0 3.2 120 240 
250LDBU DBU 10 250 0 3.2 170 240 
250WDBU DBU 20 250 5 3.2 120 240 
250NDBU DBU 20 250 0 3.2 120 240 

 
Group C150 is the control group, densified with parameters similar to those used in 
existing surface densification procedures. The purpose of groups R270-200 was to 
separate the effect of thermal treatment from the effect of the chemical pre-treatment on 
the spring-back and set-recovery. After being densified with the same parameters as group 
C150, these four groups were put back in the press for 240 s at temperatures between 
270°C and 200°C. The chosen temperatures correspond to the densification temperatures 
of the chemically pre-treated specimens. 
 
Group C150 consisted of 6 specimens, groups R270-200 had 5 specimens each, and the 
remaining groups consisted of 10 specimens. The average oven-dry density of each group 
was between 432 and 450 kg/m3. 

Elastic spring-back 

The elastic spring-back (SB) is defined as: 
 

SB (%) = (B’
c – Bc)/(B0 – Bc)     (1) 

 
where B0 is the thickness of the specimen before densification, Bc is the target thickness 
of the specimens after densification (15 mm) and B’

c is the actual thickness of the 
specimens after densification. The spring-back can thus vary between 0% and 100%, 
where 0% indicates no spring-back and 100% indicates full spring-back. 

Set-recovery 

The set-recovery measurements were carried out on pieces with a length of 15 mm cut 
from the densified specimens, which were measured with a digital calliper after one and 
two cycles of soaking in water for at least 14 h at room temperature, followed by oven-
drying at 60°C for 24 h. The set-recovery (SR) is defined as: 
 
 SR (%) = (R’

c – Rc)/(R0 – Rc)     (2) 
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where R0 is the oven-dry thickness of the specimen before densification, Rc is the 
thickness of the specimen after densification and R’

c is the thickness of the densified 
specimen after the wet-dry cycling. The set-recovery can vary between 0% and 100%, 
where 0% indicates that there is no shape memory, i.e. that the compression-set is 
completely fixed, and where 100% indicates that the recovery is total. After the first wet-
dry cycle the specimens exhibited cupping of the densified surface, and in this case the 
average value of the maximum and minimum thickness of each specimen was used for 
R’

c. 
There was a problem in this way of calculating the set-recovery because the initial, 
uncompressed oven-dry thickness was not known for the specimens that were densified 
at an MC of 14.8% or 5%. In this case the oven-dry thickness of the specimens was 
assumed to be equal to the average thickness of all the specimens densified at an MC of 
0%. 

RESULTS AND DISCUSSION 

The effect of a pre-treatment with ionic liquids (ILs) or organic superbases on the elastic 
spring-back and the set-recovery of surface-densified wood was studied. It has been 
reported that the spring-back of untreated surface-densified Scots pine wood is about 50% 
without a cooling stage (Neyses et al. 2017), and about 10% with a cooling stage, and this 
has been verified in the present study (group C150) (Laine et al. 2013, and Neyses et al. 
2017).  
For all other groups, with the exception of group 200DBU the spring-back was negligible 
within the accuracy of the measurement device. Group 200DBU had on average 5% 
spring-back. This level of spring-back was due to the fact that these specimens never 
reached the target thickness. It is suggested that the low moisture content of the 
chemically treated specimens prevents unwanted elastic deformation of the wood cells, 
and this results in a complete elimination of the spring-back.  
 

 
Figure 1: The grey bars show the average set-recovery of all specimen groups, and the error bars show 

±1 standard deviation. 

 
In general, the treatment with ILs and organic superbases led to a strong reduction in set-
recovery (Figure 1). There was no significant difference in set-recovery between the first 
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and second wet-dry cycles. The grey bars in Figure 1 show the average set-recovery of 
the specimen groups after two wet-dry cycles, while the error bars show ±1 standard 
deviation. Most groups that were exposed to a high temperature during the treatment show 
a high intra-group variation in set-recovery, primarily due to outliers that had a 
considerably higher set-recovery than the other specimens. Based on the colour changes 
of the wood surface caused by the high densification temperature, we suspect that an 
uneven temperature distribution within the heated press platen was responsible for this. 
 
Depending on the pressing time, the set-recovery could be reduced from about 90% (C150 
& R200) to as low as 10% for the 270BMIM and 270DBU groups. This reduction in set-
recovery can be attributed both to the heat and to the chemical treatment, but the set-
recovery of groups R200-270 shows that the effect of heat, i.e. thermal degradation was 
much less than the effect of the chemical treatment.  
A comparison of the 250DBU, 250HDBU and 250LDBU groups, with respectively 20%, 
30%, and 10% concentration of DBU in ethanol indicates that an increase in concentration 
leads to a reduction in set-recovery, but further studies are needed to determine the precise 
character of this relationship. 
The set-recovery of the 250WDBU group (MC = 5%) suggests that moisture is 
detrimental to the efficacy of the pre-treatment with DBU, as we expected based on 
published studies of the dissolution of cellulose in ILs (Mäki-Arvela et al. 2010). 
Nevertheless, the decrease in set-recovery was substantial. 
The surface of the specimens of almost all the groups was punctured with small holes in 
order to facilitate penetration of the chemical solutions into the wood. Surprisingly, the 
set-recovery of the 250NDBU group without holes was only slightly higher than that of 
the 250DBU group – which was otherwise pre-treated and densified in the same way. 
Puncturing of the surface is perhaps unnecessary. 
Figure 2 shows the relationship between the average set-recovery and the densification 
temperature. The light curve corresponds to the C150 & R200-270 groups, and the dark 
curve corresponds to the 270-200DBU groups. It can be seen that the reduction in set-
recovery increases with temperature, and in the case of the specimens treated with DBU, 
the relationship appears to be almost linear. We suggest to investigate even higher 
temperatures and also lower temperatures for the pre-treated specimens in order to obtain 
a more complete picture of the relationship between set-recovery and temperature. 
 

 
Figure 2: Average set-recovery as a function of the densification temperature. The dark curve 

corresponds to groups C150 and R200-270, while the light curve corresponds to groups 200-270DBU.  
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CONCLUSIONS 

The results indicate the suitability of ionic liquids (1-Butyl-3-methylimidazolium chloride 
and 1,5-Diazabicyclo(4.3.0)non-5-enium propionate) and organic superbases (1,5-
Diazabicyclo(4.3.0)non-5-ene, 1,8-Diazabicyclo(5.4.0)undec-7-ene and 1,1,3,3-
Tetramethylguanidine) as strong plasticisers to reduce the elastic component of 
deformation of wood under load. The elastic spring-back is completely eliminated, and 
the set-recovery is reduced to an extent that is dependent on the densification temperature 
and the concentration of the chemical solution. The superbases have an effect more or 
less equally as strong as the ionic liquids. At this point, it is not clear why the treatment 
with superbases has an effect similar to that of the treatment with ionic liquids, and we 
have therefore planned additional experiments to gain a better understanding of the 
chemical mechanisms involved in the pre-treatment with ILs and organic superbases. 
 
The process described here can be seen as a precursor to the development of a continuous 
open system densification process, because a closed system is not necessary and both the 
chemical treatment and the densification stage have the potential to be performed in a 
continuous manner. Further studies are however needed to optimize the treatment.  
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Abstract 

Compressing the surface of  sawn timber results in a substantial increase in hardness, and this 
opens up new market opportunities of using low-density timber species as the raw material for 
high-value wood products. Unfortunately, widespread commercialisation is hindered by the 
lack of an industrially viable surface densification process, the major obstacle being the set-
recovery of the densified wood cells upon exposure to moisture. Our hypothesis is that partial 
dissolution of the crystalline cellulose during densification will largely prevent the set-
recovery of densified wood. We therefore evaluated the effect of ionic liquid or organic 
superbase pre-treatment on the elastic spring-back, set-recovery and Brinell hardness of 
surface-densified wood. Specimens of Scots pine were treated with solutions of ionic liquids 
or superbases, and then densified in a hot press at temperatures between 200°C and 270°C. 
The set-recovery was reduced from 90% for the control group to only about 10% for the 
treated materials. The treated and densified specimens exhibited a higher Brinell hardness 
than their untreated and densified counterparts. The method presented in this study is a 
precursor to the development of a continuous densification process adapted for an open 
system. Further studies are needed to understand the underlying mechanisms of the pre-
treatment. 

Keywords: chemical treatment, surface modification, wood compression, wood modification 
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Introduction 

Although it is not a new research field in wood science, the surface densification of wooden 
boards has in recent years become a subject of increasing interest. Creating a layer of 
densified wood cells a few millimetres thick just beneath the surface can lead to a twofold 
increase in hardness (Gong et al. 2010, Laine et al. 2013a), and open up new opportunities for 
the use of low-density wood species in high-value products such as wooden flooring or 
window frames. 

In general, the densification process consists of three stages: plasticisation of the wood cells, 
followed by the actual compression, and finally solidification of the compressed wood in 
order to prevent elastic spring-back and moisture-induced set-recovery (Sandberg et al. 2013). 
During the past decades, many different methods for densification have been studied, as well 
as the effect of the densification process parameters on the wood properties.  The first 
published study of the surface densification of wood was probably that conducted by Tarkow 
& Seborg (1968). In 1990, Inoue et al. reported a rather complicated technique that involved 
cutting grooves in the wood surface to facilitate plasticisation with water. Pizzi et al. (2005) 
used friction welding equipment for surface densification, and a similar principle was 
employed by Rautkari et al. (2009), who found a positive correlation between the level of 
densification by a friction welding method and the hardness. More recently, most studies have 
used a hot press with a cooling system, where the combination of moisture and heat 
plasticises and densifies the wood surface. Laine et al. (2013a) used this method to obtain an 
almost twofold increase in Brinell hardness. An even greater increase in hardness was 
achieved by plasticising the wood in boiling water (Lamason & Gong 2007). Bekhta et. al 
(2017) studied a short-term thermomechanical densification process on veneer of alder, 
beech, birch, and pine wood. The authors reported that the increase in density is positively 
correlated to the pressing temperature and the applied pressure. 

The surface densification process in a hot press takes only a few minutes (Laine 2014) and is 
therefore – in principle – suitable for transformation into an industrial process (Neyses et al. 
2016). However, the major obstacle preventing the widespread commercialisation of surface-
densified wood products is perhaps the elastic spring-back and in particular the set-recovery 
of the compressed wood cells after exposure to moisture. The elastic spring-back – which 
occurs immediately when the compression force is released – is greatly reduced by 
introducing a cooling stage to reach a temperature of the densified wood below 80°C before 
the pressure is released (Neyses 2016). The moisture-induced set-recovery can be eliminated 
by chemical modification, by impregnation with resin, or by a thermo-hydro-mechanical post-
treatment (Kutnar et al. 2015). Already in the early 1990s, Inoue et al. (1993) showed that the 
set-recovery can be virtually eliminated by post-steaming of the compressed wood at 200°C 
for 1 minute or at 180°C for 8 minutes. Similar results were reported by Navi & Heger 
(2004). Kutnar et al. (2012) almost eliminated the set-recovery by carrying out the 
densification process in a closed system under saturated steam conditions at 170°C. Similar 
effects were observed in other studies  (Inoue et al. 2008, Gong et al. 2010, Fang et al. 2012). 
Laine et al. (2012) showed that thermal post-treatment almost eliminates the set-recovery, 
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albeit with a process time of several hours. Other studies successfully employed impregnation 
treatment to reduce the set-recovery (Stamm 1964, Gabrielli and Kamke 2010, Pfriem et al. 
2012, Khalil et al. 2014). Unfortunately, these established methods are either very time-
consuming or difficult to translate into a continuous process, and at the same time they often 
give rise to environmental concerns. 

One of the major theories describing the underlying mechanisms of the elastic spring-back 
and set-recovery was presented by Navi and Sandberg (2012) and further described by Navi 
and Pizzi (2014), who suggested that the set-recovery is due to the elastic recovery of 
deformation of crystalline cellulose, which is ‘frozen’ inside the plastically deformed matrix 
of lignin and hemicellulose. A re-plasticisation of the matrix after it has been densified, e.g. 
through moisture, leads to a recovery of the elastic deformation in the crystalline cellulose. 
Our hypothesis is that the set-recovery will be greatly reduced if a plastic deformation of the 
crystalline cellulose can be achieved in the initial plasticisation stage before densification. 
This is, however, difficult to accomplish with the existing methods of plasticising wood, such 
as the combination of moisture and heat, or treatment with gaseous ammonia (Schuerch et al. 
1966). 

In the beginning of the 21st century, the possibility of dissolving and plasticising cellulose by 
treatment with so-called ionic liquids (ILs) was reported (Swatloski et al. 2002, Kilpeläinen et 
al. 2007). An IL is a salt that is liquid at temperatures normally below 100°C (Hanabusa et al. 
2018), which means that they consist of ions instead of electrically neutral molecules. Apart 
from being considered to be ‘green solvents’ for cellulose, ILs are reported to have positive 
effects on antifungal and antimicrobial activity, and on the fire resistance and UV-stability of 
wood (Pernak et al. 2004, Patachia et al. 2012, Foksowicz-Flaczyk and Walentowska 2013, 
Miyafuji and Fujiwara 2013). The first generation of ILs that were used to dissolve cellulose 
consist of imidazolium-based cations, often combined with a halogen anion, such as chloride 
or bromide. Zhang et al. (2017) reported a mechanism that relies on the synergetic effect of 
the cations and anions to cleave the hydrogen bonds between cellulose chains (Fig.1). The 
small anions of for instance 1-ethyl-3-methylimidazolium chloride, interact with the hydrogen 
atoms of the cellulose hydroxyl groups, whereas the larger imidazolium cations bond with the 
oxygen atoms that are less sterically hindered. Ou et al. (2014) reported that IL treatment 
transforms wood into a thermoplastic material, without or with only a very small elastic 
deformation under load. This suggests that the elastic spring-back and the set-recovery can 
largely be reduced. 

 
Fig. 1 Proposed mechanism of cleaving hydrogen bonds between cellulose chains with ionic liquids (Zhang et al. 2017). 

Permission to reproduce the figure was granted by the Royal Society of Chemistry. 
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Imidazolium-based ILs are highly effective cellulose solvents, but they are also expensive 
(Hanabusa et al. 2018). For this reason, many researchers have started to focus on finding 
cheaper alternatives, and several studies have explored the potential of ILs made from 
amidine- or guanidine-based cations, combined with a carboxylic acid as the anion, e.g. 
propionic acid or acetic acid (King et al. 2011). Due to their high basicity, these amidines and 
guanidines are also known as organic superbases (Ishikawa 2009). Parviainen et al. (2013) 
and Hanabusa et al. (2018) reported that this new generation of ILs is considerably cheaper 
and easier to recycle than imidazolium-based ILs, while maintaining the power to dissolve 
cellulose (Mäki-Arvela et al. 2010, Dominguez de Maria 2014). As wood is itself somewhat 
acidic, a pre-treatment with only the amidine or guanidine component as cation was tested in 
the present study, to see whether an IL in-situ with the wood’s acid groups as anions would be 
formed. The in-situ IL would then plasticise the cellulose. 

A further hypothesis in this study is that the IL pre-treatment will increase the hardness of the 
densified wood surface in comparison with wood plasticised with heat and moisture and 
thereafter densified. The reasons are expected to be twofold: firstly, an overall higher level of 
plasticisation in comparison with plasticising wood with heat and moisture, resulting in a 
more intense densification, and secondly, for untreated wood, the heated press platen will 
quickly dry the outermost wood surface upon contact, and reduce the level of plasticisation of 
this region. As a result, the density peak after densification will be somewhat below the 
surface. However, for IL-treated wood, moisture is not needed to reach the maximum level of 
plasticisation, and this will move the density peak towards the outermost region of the wood 
surface. This proposed effect originates from an analysis of the strain vs. time curve of Brinell 
hardness testing reported in a previous study (Neyses et al. 2017). 

The purpose of the present study was thus to evaluate the effect of ionic liquid and superbase 
pre-treatments on the elastic spring-back, set-recovery and Brinell hardness of surface-
densified wood, various combinations of chemical compounds, solution concentrations and 
densification temperatures being tested. 

Materials and methods 

Specimen preparation 

The study was carried out on knot-free sapwood specimens of Scots pine (Pinus sylvestris L.) 
with dimensions of 124 mm (L) x 25 mm (T) x 18.5 mm (R). The annual ring orientation was 
within ±15° parallel to the tangential wood surface to be densified. The specimens were kept 
in a climate chamber at a temperature of 20°C and 65% relative humidity (RH) until they 
reached the equilibrium moisture content (EMC). In order to obtain specimen groups with 
roughly the same average density between the groups, the specimens were sorted into seven 
categories according to their density, and the specimens belonging to either the highest or the 
lowest density category were discarded. The remaining five density categories ranged from 
400 kg m-3 to 525 kg m-3, and to make the final grouping, the specimens were then selected so 
that each specimen group (Table 1) had the same number of specimens from each density 
category.  
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Table 1 Test groups: CE – Concentration in ethanol, T – Press-platen temperature; P – Densification pressure; t1 – Time to 
reach target thickness; t2 – Total time in press before cooling. Specimen group naming: C – Control, R – Reference, Numbers 

– densification temperature in °C, BMIM – pre-treated with Bmim[Cl], DBNIL – pre-treated with DBN[EtCO2H], DBN – 
pre-treated with DBN, DBU – pre-treated with DBU, TMG – pre-treated with TMG, H – high concentration of chemical, L – 

low concentration of chemical, W – increased moisture content, N – no punctured holes to improve penetration of the 
chemical. 

Specimen 
group 

No. of 
speciemens 

Oven-dry 
density ± 

Stdev 
(kg m-3) 

Chemical pre-
treatment 

CE (wt%) T (°C) MC 

(%) 

P (MPa) t1 (s) t2 (s) 

C150 6 438±23 - - 150 14.8 3.5 80 90 

R270 5 438±14 - - 270 14.8 3.5 80 330 

R250 5 440±20 - - 250 14.8 3.5 80 330 

R230 5 437±13 - - 230 14.8 3.5 80 330 

R200 5 435±16 - - 200 14.8 3.5 80 330 

270BMIM 10 434±16 Bmim[Cl] 20 270 0 3.2 90 240 

270DBNIL 10 435±20 DBN[EtCO2H] 20 270 0 3.2 90 240 

270DBN 10 436±18 DBN 20 270 0 3.2 90 240 

270TMG 10 434±15 TMG 20 270 0 3.2 90 240 

270DBU 10 439±16 DBU 20 270 0 3.2 90 240 

250DBU 10 433±20 DBU 20 250 0 3.2 120 240 

230DBU 10 434±19 DBU 20 230 0 3.5 150 240 

200DBU 10 432±22 DBU 20 200 0 4.4 230 240 

250HDBU 10 444±16 DBU 30 250 0 3.2 120 240 

250LDBU 10 439±20 DBU 10 250 0 3.2 170 240 

250WDBU 10 429±19 DBU 20 250 5.0 3.2 120 240 

250NDBU 10 434±19 DBU 20 250 0 3.2 120 240 
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Preparation of chemicals 

The specimens were treated with various ILs or organic superbases, diluted with ethanol to 
different concentrations (Table 1). The IL 1-butyl-3-methylimidazolium chloride (Bmim[Cl]), 
and the organic superbases 1,5-diazabicyclo(4.3.0)non-5-ene (DBN), 1,8-
diazabicyclo(5.4.0)undec-7-ene (DBU) and 1,1,3,3-tetramethyl-guanidine (TMG) were 
purchased from Acros Organics. Another IL was made by mixing DBN with propionic acid in 
an equimolar ratio, resulting in DBN propionate (DBN[EtCO2H]). 

Chemical pre-treatment 

All specimen groups to be chemically treated were oven dried at 103°C to an MC of 0% prior 
to the pre-treatment. The chemical solutions were first applied with a pipette onto the 
tangential barkside-oriented wood surface to be densified. In order to keep the amount of 
solution consistent, the content of one pipette filling (3.5 g) was distributed over the surfaces 
of two specimens. Within one minute, the solutions were completely soaked up by the wood. 
This procedure was repeated three more times for each specimen. In order to encourage the 
penetration of the chemicals into the wood, the surfaces were punctured with 3-4 mm deep 
holes with a diameter of about 0.8 mm and distance between the holes of 5 mm in the 
tangential direction and 10 mm in the longitudinal direction. This was done manually with a 
needle, which was marked with tape to ensure a constant depth of the holes. Only group 
250NDBU (Table 1) was left without holes. After the pre-treatment, the specimens were 
placed in an oven at a temperature of 60°C for 14 hours to evaporate the ethanol. Omitting 
this step would lead to the destruction of the wood during the densification stage due to too 
high a steam pressure. 

Densification process 

The specimens were densified in the radial direction in a press with one of the platens heated 
and equipped with a water-cooling system. Two or three specimens were densified at the 
same time. For the first 10 seconds of the process, only a low pressure sufficient to maintain 
proper contact between the wood surfaces and the heated press platen was applied. The 
pressure was then increased to a level that would lead only to densification if the wood cells 
were sufficiently plasticised. The correct amount of pressure to achieve this behaviour was 
determined during a pre-study by calibrating the pressure levels for different densities of the 
raw material. Depending on the parameters and the treatment, the target thickness of 14.98 
mm (set by metal stops in the press) was achieved after a time between 90 seconds and 240 
seconds (Table 1). Regardless of the time taken to reach the target compression, the 
specimens were kept at the set temperature for a total of 240 seconds, after which the cooling 
system was started. The press was opened when the press platen temperature reached 60°C, 
and the spring-back was then measured (see section 2.6), after which the specimens were kept 
in an oven at 60°C before the set-recovery determinations were carried out (see section 2.7). 
No set-recovery occurred during this stage. 
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Specimen grouping 

Table 1 lists the specimen groups with their respective treatments and densification 
parameters. Group C150 is the reference group, densified with parameters similar to those 
commonly used in surface densification procedures. The purpose of groups R270-200 was to 
study the effect of thermal modification on the spring-back and set-recovery and to separate it 
from the effect of the chemical pre-treatment. After being densified with the same parameters 
as group C150, these four groups were put back in the press for 240 s at temperatures between 
270°C and 200°C, corresponding to the densification temperatures of the chemically treated 
specimens. 

Elastic spring-back 

The elastic spring-back (SB) was determined from measurements made with a digital calliper 
with a precision of ±0.03 mm (according to the manufacturer). SB is defined as: 

!" = "$% − "%
"' − "%

[1] 

where B0 is the original dimension of the specimen in the densification direction before 
densification, Bc is the target dimension of the specimen after densification (in this case 14.98 
mm) and B’c is the actual dimension of the specimen after densification. The spring-back can 
thus vary between 0% and 100%, where 0% indicates no spring-back and 100% indicates 
total spring-back. 

Set-recovery 

The set-recovery measurements were carried out on specimens with dimensions of 20 mm (L) 
x 25 mm (T) x »15 mm (R), cut from the densified specimens. Before the set-recovery 
procedure the samples were kept in an oven at 60°C in order to prevent re-moistening. The 
specimens were measured with a digital calliper after one and two cycles of soaking in water 
for at least 14 hours at room temperature, followed by oven-drying at 60°C for 24 hours. The 
set-recovery (SR) is defined as: 

!+ = +$% − +%
+' − +%

[2] 

where R0 is the oven-dry dimension of the specimen in the densification direction  before 
densification, Rc is the dimension of the specimen after densification and R’c is the dimension 
of the densified specimen after the wet-dry cycling. The set-recovery can vary between 0% 
and 100%, where 0% indicates that there is no set-recovery, i.e. that the compression-set is 
completely fixed, and 100% indicates that the recovery is total. After the first wet-dry cycle, 
the specimens exhibited cupping of the densified surface, and for this reason the average 
value of the maximum and minimum dimension over the surface of each specimen was used 
for R’c. 

There was a problem in this way of calculating the set-recovery because the initial, 
uncompressed oven-dry dimensions were not known for the specimens densified at a MC of 
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14.8% or 5.0%. In this case, the oven-dry dimensions of the specimens were assumed to be 
equal to the average dimensions of all the specimens densified at an MC of 0%. As the 
standard deviation in the dimensions of these specimens was only 0.07 mm, this assumption 
appears to be sufficiently accurate. 

Brinell hardness 

The Brinell hardness (HB) was measured in accordance with the standard EN 1534, but with 
several modifications (CEN 2010). A Zwick Roell ZwickiLine 2.5 TS universal testing 
machine equipped with a 2.5 kN load cell and a steel ball with a diameter (D) of 10 mm was 
used. The force was increased at a rate of 4 kN per minute to a nominal force (F) of 1 kN, 
which was held for 25 seconds before being released. 

According to the standard, the Brinell hardness is calculated from the diameter of the 
indentation in the specimen, but in this study the Brinell hardness was calculated from the 
depth of the indentation. The reason for this modification of the test procedure was that it was 
difficult to measure the diameter of the indentation in wood. In contrast to steel or other 
metals, wood does not leave an indentation with a clear circular border because of its 
anisotropic properties. The depth of the indentation (h) can, however, be measured with the 
hardness testing equipment with high accuracy and precision. The HB values in this study 
were used only for comparison between the test groups. Niemz and Stübi (2000) and Laine et 
al. (2013a) previously implemented a similar approach. Thus, the Brinell hardness (HB) is 
here defined as: 

-"(/	1123) = 	 5
6 ∗ 8 ∗ ℎ [3] 

A total of 30 hardness measurements were made on each specimen group, 15 on the densified 
surface and 15 on the opposite, undensified surface as control measurements. The 30 
measurements per group were distributed over five specimens with six meausrements per 
specimen.  

Data analysis 

All the collected data were processed in Microsoft Excel, after which a principal component 
analysis (PCA) screening was done using the software package SIMCA provided by 
Umetrics, Sweden. With the help of PCA, a multivariate data analysis method, it is possible to 
find correlations in large datasets that are difficult to detect with univariate data analysis 
methods. 

Results and discussion 

This study tested the effect of a pre-treatment with ionic liquids (ILs) or organic superbases 
on the elastic spring-back, set-recovery and Brinell hardness of surface-densified Scots pine. 

Elastic spring-back 

It has been reported that the spring-back of untreated surface-densified Scots pine is about 
50% without a cooling stage after the densification stage (Neyses et al. 2017). With a cooling 
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stage, the spring-back can be reduced to 10-15% (Laine et al. 2013b, Neyses et al. 2017), and 
this was confirmed in the present study by group C150, which had an average spring-back of 
11%. For all other groups, the dimension of the specimen in the densification direction was, 
within the measurement accuracy, the same as the target compression, and the spring-back 
can thereby be considered negligible.  

For untreated and surface-densified wood Laine et al. (2013c) have reported a reduction in 
spring-back with increasing densification temperature, when the densification stage is 
followed by a cooling stage. In this case, however, the low degree of spring-back seems to be 
at least partly due to an effective plasticisation of the wood modified by the ILs or superbases, 
in combination with a very low deformation of the unmodified wood volume beneath the 
modified wood during the densification process. 

Set-recovery 

Fig. 2 shows the average set-recovery of the untreated specimen groups after two wet-dry 
cycles. For all the chemically treated groups, there was no significant difference in set-
recovery between the first and second wet-dry cycles, i.e. the set-recovery did not increase 
after the first wet-dry cycle. For the untreated groups, there was a slight increase between the 
first and second wet-dry cycle.  

 
Fig. 2 Overview of the set-recovery. Dark grey bars are untreated specimen groups and  light grey bars are chemically 

treated specimen groups according to Table 1. The error bars show  ±1 standard deviation. 

The reduction in set-recovery can be attributed both to the press-platen temperature and to the 
chemical treatment, but the set-recovery of the R200-270 groups compared to that of the 
modified wood at the corresponding temperatures suggests that the effect of heat, i.e. thermal 
degradation, was much less than the effect of the chemical treatment. It was possible with all 
the tested chemicals to reduce the set-recovery to 20% or even lower. For the DBU treatment, 
an increase in press-platen temperature (200DBU, 230DBU, 250DBU,270DBU), or an 
increase in chemical concentration (250DBU, 250LDBU, 250HDBU) reduced the set-
recovery. An increase in MC of the specimen before densification (250WDBU) or the 
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absence of punctured holes in the surface to increase the penteration of chemicals 
(250NDBU) increased the set-recovery. It was not possible to see any influence on the set-
recovery due to the variation in annual ring orientation in the cross-sections of the specimens. 

Fig.3 shows that the treatment with Bmim[Cl] or DBN[EtCO2H], followed by densification at 
270°C led to an almost black surface, whereas the superbase treatment resulted in a dark 
brown colour. This indicates that there are different mechanisms underlying the two types of 
chemical treatment. Our hypothesis of the formation of an in-situ IL after treatment with a 
superbase, may not be correct, and instead there may be a different mechanism. 

 
Fig. 3 Surface colours after the different chemical treatments at a press-platen temperature of 270°C. 

Fig. 4 shows the relationship between the average set-recovery and the densification 
temperature. The light curve (squares) corresponds to specimens without chemical treatment 
(C150 and R200-270 groups), and the dark curve  to the 270-200DBU groups. The reduction 
in set-recovery increases with increasing temperature and, in the case of the specimens treated 
with DBU, the relationship appears to be almost linear. 

 
Fig. 4 Average set-recovery as a function of the densification temperature. The dark curve corresponds to groups C150 and 

R200-270, and the light curve to groups 200-270DBU. 

Fig. 5 (untreated specimens) and Fig. 6 (specimens treated with DBU) show the colour 
changes in the specimens in relation to the pressing temperature. With increasing pressing 
temperature, the untreated specimens gradually became darker, but there were only small 
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differences in colour between 200DBU and 230DBU, and between 250DBU and 270DBU, 
with a relatively large difference between 230DBU and 250DBU. However, there is no 
correlation between this observation and the reduction in set-recovery. We suggest that even 
higher temperatures should be investigated and also lower temperatures in the case of the 
chemically treated specimens, in order to obtain a more complete picture of the relationship 
between the set-recovery of the chemically modified specimens and the temperature.  

 
Fig. 5 Surface colour changes due to the effect of heat; untreated specimens. 

 
Fig. 6 Surface colour changes due to the effect of heat; specimens treated with DBU. 

A comparison of the 250DBU, 250HDBU and 250LDBU groups, with respectively 20%, 
30%, and 10% concentration of DBU in ethanol, indicates that an increase in concentration 
leads to a reduction in set-recovery, but further studies are needed to determine the precise 
nature of this relationship. 

The set-recovery of group 250WDBU (initial MC = 5%) suggests that moisture is detrimental 
to the efficacy of the pre-treatment with DBU, as was expected on the basis of published 
studies on the dissolution of cellulose in ILs (Mäki-Arvela et al. 2010). Zavrel et al. (2009) 
reported that water molecules create hydrodynamic shells around the IL molecules and that 
this inhibits direct interactions between the IL and the cellulose. Nevertheless, the decrease in 
set-recovery was substantial with a reduction from 81% to only 37%.  

The surface of the specimens of almost all groups was punctured with small holes in order to 
facilitate penetration of the chemical solutions into the wood. Surprisingly, the set-recovery of 
group 250NDBU without holes was only slightly higher than the set-recovery of group 
250DBU – which was otherwise treated and densified in the same way. Depending on 
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possible applications of surface-densified wood and their requirements, the puncturing of the 
surface may thus not be necessary. 

Most groups that were exposed to a temperature of at least 200°C show a high intra-group 
variation in set-recovery (Fig. 2), primarily due to outliers with a much higher set-recovery 
than the other specimens. Based on colour changes in the wood surface caused by the high 
press-platen temperature, we suspect that an uneven temperature distribution within the press 
platen was responsible for this. Even though it was easier to notice in reality, it can be seen in 
Figs. 3, 5 & 6 that the densified surfaces are slightly darker at one end than at the other (the 
darker ends are facing the viewer). A PCA screening did not show a systematic relation 
between the uptake of the chemical solutions and the resulting set-recovery. 

Brinell hardness 

Fig. 7 shows the Brinell hardness of undensified and densified specimen surfaces. There was 
no significant difference in the average Brinell hardness of the undensified surfaces. The 
densification process resulted in an increase in the hardness of the densified surfaces. 
Densification without chemical treatment (groups C150 and R270-200) resulted in a two-fold 
increase in hardness from 13.4 N mm-2 to 26.2 N mm-2, and there were no differences 
between the groups. This increase in hardness is in line with results from previous studies 
(Gong et al. 2010, Laine et al. 2013a, Neyses et al. 2017). The chemically treated specimens 
showed a increase in HB after densification by a factor 2.7, i.e. from 12.9 N mm-2 to 34.4 N 
mm-2, which is a significant increase over that of the untreated specimens. There were no 
significant differences in HB between the different chemically treated gropus. 

 
Fig. 7 Average Brinell hardness before (left-handed bar) and after (right-handed bar) densification. The error bars show ±1 

standard deviation. 

It appears that the reason for the higher HB of the chemically treated specimens is a more 
thorough and targeted plasticisation than that of the untreated specimens. Fig. 8a shows that, 
for the chemically treated specimens, the region with the highest level of densification is 
located at the very surface of the specimen, and in this respect the specimen shown is 
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representative of all the chemically treated specimens. Directly beneath the surface there 
appears to be a layer approximately 1.2 mm in thickness with a threefold increase in density. 
The density then gradually decreases towards the core of the specimen. In Fig. 8b, which 
shows an untreated and densified specimen, it appears that the density peak of these 
specimens is not located at the very surface, but is somewhat below the surface. This could be 
due to the heated press platen drying the specimen surface, and thus inhibiting the 
plasticisation of this region. For the chemically treated specimens, this phenomenon is not 
relevant because their plasticisation does not rely on moisture. Another observation 
supporting our hypothesis is the bulging of the side surfaces in the densified area (Fig. 8): the 
chemically treated specimens bulge out at the very surface, while the untreated ones bulge out  
slightly  below the surface. 

 
Fig. 8 Densification close to the surface of (a) a chemically treated specimen  and (b) an untreated specimen. The bars show 

the distance between annual rings. 

As the Brinell hardness method is a volume-based measurement, it appears not to be 
representative of the perceived surface hardness of the specimens. In theory, the observed 
three-fold increase in density should result in a threefold increase in hardness, which was not 
confirmed by the calculated HB values. Perhaps another type of hardness or scratch resistance 
measurement method would provide more meaningful results – at least, with respect to the 
planned use of the densified wood. For this reason, we think it could be worthwhile to  study  
the relationship between different hardness and scratch resistance measurement methods and 
surface-densified wood treated in different ways. This is especially important with regard to 
possible applications of surface-densified wood products. 

The chemically treated specimens showed a higher intra- and inter-group variation (Fig. 7) 
than the untreated specimens. We can only speculate on the reasons for this variation. A PCA 
screening revealed a positive correlation between weight gain due to the chemical treatment 
and HB. The weight gain varied significantly between the specimen groups and was 
particularly high for the 270DBNIL, 250HDBU and 250WDBU groups. Unfortunately, the 
data are not strong enough to explain intra-group variations in HB. The apparently uneven 
temperature of the heated press platen does not explain this variation either, as there was no 
correlation between press-platen temperature and HB. 

Conclusion 

The ionic liquids (ILs) 1-butyl-3-methylimidazolium chloride and 1,5-diazabicyclo(4.3.0)non-
5-enium propionate and the organic superbases 1,5-diazabicyclo(4.3.0)non-5-ene, 1,8-
diazabicyclo(5.4.0)undec-7-ene and 1,1,3,3-tetramethylguanidine have been shown to be 
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strong plasticisers, which can reduce or even eliminate the elastic and set-recovery 
components of deformation of surface-densified wood. The elastic spring-back was 
eliminated, and the set-recovery after two wet/dry cyles in water was reduced to as low a 
value as 10% (100% means full recovery of the deformation). The superbases have an effect 
more or less equal to that of the ILs, but at this point it is not clear if treatment with 
superbases is due to the same mechanism as the treatment with ILs. 

The chemical treatment resulted in a Brinell hardness (HB) 1.3 times higher than that of the 
untreated and densified specimens, and in a 2.7 times increase relative to that of the 
undensified surface. This means that the HB of the chemically treated Scots pine approaches a 
level similar to that of oak, a wood species widely used for high-quality wooden flooring.  

The process described here can be seen as a precursor to the development of a continuous 
open-system surface densification process. A closed system is not necessary and both the 
chemical treatment and the densification have the potential to be performed in a continuous 
manner. Further studies are however needed to optimize the treatment. 
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Abstract 

Set-recovery, i.e. the moisture-induced recovery of compressed wood cells, is perhaps the 
major problem of wood densification technology. Achieving a cost-efficient surface-
densification process, without the need for additional resins to eliminate the set-recovery, may 
lead to an increase in value of low-density wood species, such as Scots pine. A previous study 
has shown that a pre-treatment with ionic liquids (ILs) can nearly eliminate the set-recovery. 
It was however observed that during the treatment process the IL did not penetrate sufficiently 
deep into the wood surface to explain the achieved reduction in set-recovery. Based on these 
findings, the hypothesis was formulated that the IL penetrates deeper into wood surface 
during the densification process: in-situ. Thermo-gravimetric analysis (TGA) and evolved gas 
analysis (EGA) on the IL-treated specimens showed that the depth of penetration of the IL 
was greater after the densification process than before. The results from digital image 
correlation (DIC) before and after inducing the set-recovery were in agreement with these 
findings. In regions of high IL concentration, the set-recovery was close to 0%, and it 
gradually increased with a decrease in the IL concentration within the cell walls. The highest 
set-recovery values coincided with the disappearance of the IL peak in the TGA. Further 
research with DIC in combination with chemical analysis methods has the potential to provide 
novel insights into the mechanics of densified and shaped wood. 

Keywords: compressed wood, modification, digital-image correlation, thermo-gravimetric 
analysis.  
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Introduction 

Surface densification of Scots pine sawn wood, i.e. compression in the transverse direction, 
can lead to a more than twofold increase in surface density, resulting in a hardness level 
comparable to more expensive wood species such as oak (Rautkari et al. 2013). Densifying 
only a relatively thin layer of wood as opposed to bulk-densification reduces the needed 
process resources and maintains a larger share of the wood volume, without detrimental 
effects on the desired improvement of the material properties. This potentially facilitates the 
development of a large-scale and commercially viable surface densification process, which 
would open up new market opportunities for widely available low-density wood species, 
among them Scots pine. 

In the past decade, many studies into the surface densification of wood have explored the 
influence of different variables and process parameters on the resulting changes in the 
material properties. Pizzi et al. (2005) and Rautkari et al. (2009) successfully densified the 
surface of wood with friction welding equipment, but the vast majority of surface 
densification studies converged on using a simple hot press (Lamason & Gong 2007, Gong et 
al. 2010, Rautkari et al. 2011, Rautkari et al. 2013).  

Arguably the biggest obstacle preventing surface-densified wood from large-scale 
commercialisation is the so-called set-recovery, i.e. the moisture-induced swelling of the 
compressed wood cells back to their shape before densification, which results in a loss of all 
improvements in the material properties.  Even though, there does not appear to be a 
universally accepted theory describing the exact mechanism of set-recovery on a molecular 
level, Navi and Sandberg (2012), and Navi and Pizzi (2014) came up with a plausible 
explanation. They suggest that during the densification process, the hemicellulose and lignin 
matrix surrounding the crystalline cellulose is plasticised, usually by moisture and heat, which 
allows plastic deformation, whereas the crystalline cellulose is not plasticised, and thereby 
only undergoes elastic deformation. After cooling down the wood before opening the press, 
this elastic deformation is locked by the solidified hemicellulose-lignin matrix. When exposed 
to moisture, the matrix re-plasticises, which releases the stresses and the elastic deformation 
in the crystalline cellulose, resulting in a recovery of the deformed cells and the loss of almost 
all densification. Typically, the set-recovery of surface-densified wood is about 80-90%, i.e. 
almost complete (Laine et al. 2013, Neyses et al. 2017).  

In the past, many studies have been carried out with the aim to reduce, or even eliminate, the 
set-recovery of both bulk-densified and surface-densified wood by applying methods of 
chemical modification, resin impregnation, or thermo-hydro-mechanical (THM) processing. 
THM processing (Navi & Giradet 2000, Kutnar & Kamke 2012a) and post-treatments with 
steam (Inoue et al. 1993, Navi and Heger 2004) led to an almost complete elimination of the 
set-recovery. Laine et al. (2012) achieved similar results with thermal post-treatment in an 
open system, however at a process time of several hours as opposed to several minutes. Resin 
impregnation treatments have also been successful, as shown by Stamm (1964), Gabrielli and 
Kamke (2010), Pfriem et al. (2012), and Khalil et al. (2014). Unfortunately, there are several 
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drawbacks that limit the commercial potential of these approaches: they require a closed 
system, which makes integration into continuous processes – common in the wood processing 
chain – very difficult, whereas thermal post treatments and resin impregnation methods 
consume great amounts of time and resources. 

The mechanism of set-recovery as proposed by Navi and Sandberg (2012), and Navi and 
Pizzi (2014) suggests that the set-recovery will be greatly reduced if plastic deformation of 
the crystalline cellulose can be achieved prior to or during the densification process. This 
means that the development of a resource-efficient method for plasticising crystalline 
cellulose might result in a significant step towards a time- and cost-efficient industrial surface 
densification process.  

Since the beginning of the 21st century, studies on so-called ionic liquids (ILs) are becoming 
increasingly popular in the pulp and paper and in the textile industry. ILs are generally 
defined as salts with melting points below 100°C, and in some cases, below room temperature 
(Hanabusa et al. 2018). Among others, Swatlowski et al. (2002) and Kilpeläinen et al. (2007) 
reported the ability of imidazolium-based ILs to plasticise and even dissolve cellulose. Zhang 
et al. (2017) reported a mechanism that relies on the synergetic effect of the cations and 
anions to cleave the hydrogen bonds between cellulose chains. 

For this reason, a fast pre-treatment with different ionic liquids (ILs) on surface-densified 
Scots pine was tested in a previous study by Neyses et al. (2019), resulting in a substantial 
reduction in the set-recovery. In addition, the Brinell hardness was increased by a factor of 
2.7, as opposed to a factor of 2.0 for surface-densified wood without the IL treatment. The 
pre-treatment was carried out by applying an IL diluted with ethanol to the wood surface, 
followed by a waiting time of 1 minute, a procedure then repeated three times, after which the 
treated wood was surface-densified at temperatures above 200°C for 4 minutes.  

In order to determine the depth of penetration of the ILs into the wood, a dye was added to the 
IL solution. The dye could only be detected to a depth of approximately 1 mm. However, the 
measured reduction in set-recovery would require a depth of penetration of approximately 2 
mm in the surface-densified wood, which corresponds to a depth of 4 mm in the undensified 
state (Fig. 1).  

 
Fig. 1: The contradiction between observed penetration of the IL-solution into the wood surface (left) and the measured set-

recovery (right). 

To explain this apparent contradiction, the following hypothesis was formulated (Fig 2): 
during the densification process at temperatures above 200°C (1), the IL starts to evaporate 
and is transported deeper into the wood, as it cannot evaporate through the press platen (2). 
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This continues throughout the densification process, as the wood close to the surface 
progressively becomes more plasticised and compressed due to the transfer of heat from the 
press platen, which activates the IL (3, 4). After some time, the maximum level of penetration 
is achieved and the ionic liquids starts to decompose, which opens up the hydrogen bond sites 
between the cellulose chains (5). As the wood is still under heat and pressure, the cellulose 
chains can fuse together permanently and form new bonds, thereby preventing the set-
recovery. In short, the core of the hypothesis is that part of the penetration of the ionic liquids 
into the wood surface happens during the densification process: in-situ. 

 
Fig. 2: Illustration of the hypothesis of in-situ penetration of ILs into the wood surface during the densification process. 

Cross-section view of IL-treated wood specimen in a single-platen heated press. 

In the literature, several studies have explored the decomposition behaviour of different ILs 
(Ngo et al. 2000, Ohtani et al. 2008), and a study by Efimova et al. (2013) is of particular 
relevance. Among other related ILs, the authors conducted thermo-gravimetric analysis 
(TGA) and evolved gas analysis (EGA) on 1-butyl-3-methylimidazolium chloride (BmimCl), 
and reported that BmimCl starts to decompose into different compounds at approximately 
220°C.  

With the objective of testing the validity of the hypothesis described above, a  thermo-
gravimetric analysis (TGA), supported by a digital image correlation (DIC) study of the 
densified wood, was carried out. 

Materials and methods 

Specimen preparation 

Specimens of Scots pine (Pinus sylvestris L.) sapwood cut to dimensions of 19 mm x 24 mm 
x 140 mm (T x W x L) and oven-dry densities between 384 and  
499 kg m-3 were used for the study. The annual growth-ring angles in the cross sections of the 
specimens were within +/- 20° from being horizontal. The specimens were dried in an oven at 
a temperature of 70°C for two days, until reaching a moisture content (MC) of 0%, followed 
by densification and/or treatment with1-butyl-3-methyl-imidazolium chloride (BmimCl) of 
98% purity (Acros Organics). The outer (bark) side of the specimens was used for the pre-
treatment and surface densification in the radial direction: 
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- C_W: control group of untreated wood. 

- D_W: densified wood. The specimens were surface-densified in the radial direction in 
a hot press at 250°C. They were pre-heated in the press without applying pressure for 
30 seconds, after which a pressure of 2.9 MPa was applied for 90 seconds. The press 
was then cooled to a temperature of 80°C, over a period of about 120 seconds. 

- BmimCl_W: wood treated with BmimCl. A solution of BmimCl in ethanol (20/80 
wt%) was applied with a pipette to the surface of the specimens. This procedure was 
repeated three times, with a time of 1 minute in between, followed by evaporation of 
the ethanol in an oven at 70°C. 

- BmimCl_D_W: BmimCl-treated and densified wood. The IL treatment and 
densification was carried out as for the groups BmimCl_W and D_W, respectively. 

- BmimCl: pure BmimCl (98% purity). 

Each group except for the pure BmimCl consisted of 10 specimens. 

Thermo-gravimetric Analysis & Evolved Gas Analysis 

For the TGA  and EGA measurements, specimens of wood powder were sanded from each 
group as shown by Fig. 3, with two replicates being taken for all specimens. To avoid any 
end-effects, about 50 mm of material was cut away from each side in the length direction, and 
5 mm of material was cut away from the width of the specimens. The MC of the powder 
specimens was approximately 6%. 

 
Fig. 3: Experimental design of the thermo-gravimetric analysis to study the penetration of ILs during the densification 

process. The black horizontal bars in the cross-sectional view of the specimens indicate the locations, i.e. the depths beneath 
the specimen surface from where the wood powder specimens were taken. 

The TGA measurements were conducted in a nitrogen atmosphere on a Perkin Elmer TGA 
4000 Thermogravimetric Analyzer. The test procedure started with a 5 minutes holding 
period at a temperature of 30°C, followed by a linear increase in temperature at a rate of 10°C 
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min-1, until reaching 730°C. After a holding period of 10 minutes, the TGA chamber was 
cooled to a temperature of 30°C. The specimen weight was measured once per second. To 
determine the highest rate of weight loss, the first derivative dw/dt (DTG) was calculated over 
the entire temperature range. 

In order to validate the results from the TGA measurements, evolved gas analysis (EGA) was 
done on a Perkin Elmer Frontier FT-IR (Fourier-transform-infrared) spectrometer, which was 
connected to the TGA device via a tube. It measures the gases evolved from the TGA and the 
corresponding Gram-Schmidt profile plots the absorbance of gases over the temperature at 
which they evolved. Ideally, the peaks in the DTG curve should overlap with the peaks in the 
Gram-Schmidt profile. The data points for the Gram-Schmidt profiles were collected at a rate 
of 1 s-1. 

Digital image correlation 

DIC is a non-contact full-field measurement technique typically used for spatial studies of 
shape, motion, deformation, and strain of structures. DIC can be based on patterns that are 
applied to the object surface, such as a speckle pattern, which are then correlated in the image 
data to obtain measurement data related to the full field. DIC can also be based on stochastic 
natural patterns at the surface of the object (Sutton et al. 2009). A study by Khennouf et al. 
(2010) has shown that DIC provides adequate results when applied to historic tapestries, as 
the contrast in the texture can be used for the image correlation algorithm. In a study on 
wood, DIC was used to measure crack propagation at the scale of the cell walls within the 
annual growth rings (Thuvander et al. 2000).  

In the present study, macro-DIC was applied on the stochastic natural object-based pattern of 
surface-densified wood in order to study set-recovery on a local annual-ring level. Specimens 
with dimensions of 17 mm x 24 mm x 30 mm (R x T x L) were cut from larger specimens of 
the BmimCL_D_W group. Images of the cross sections from both specimen sides were taken 
and further investigated with DIC analysis.  The reference photo was captured in the surface-
densified state before inducing the set-recovery, and a second photo was captured after 
inducing the set-recovery by soaking in water for 24 h, followed by oven drying for 24 h. The 
MC in both cases was 0%. This method is widely established in the field of wood 
densification (Kutnar & Kamke 2012b, Laine et al. 2013) 

The images were captured with a Nikon D850 camera, equipped with a FX, CMOS, 35.9 mm 
x 23.9 mm image sensor of 45.7 effective megapixels. This camera has a back-illuminated 
image sensor for the reduction of image noise. A Nikon AF-S 105/2.8 macro lens of a fixed 
focal length and a macro extension tube with a length of 20 mm and a diameter of 62 mm  
was used.  

Four fibre-light gooseneck illuminators were placed at an angle of 45° relative to the cross-
sectional surfaces of the specimens (Olympus Highlight 3000 Microscope Fiber-Light 
Illuminator, and Fiberoptic Heim Fiber Optic Light Source type FI L151). Three polarizing 
filters (Hoya Polarisations 62 mm linear filter, Tokina Co., Ltd., Japan) were used, one on the 
macro lens and two on the fibre-light sources. Cross polarization using orthogonal linear 
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polarizers on light sources and camera improves DIC measurements, as it enables a higher 
spatial precision, can eliminate saturated pixels that degrade the DIC measurements, and 
reduces reflections and glare, and this leads to an increased image contrast and saturation 
(LePage et al. 2016). A standard white panel was used as a reference to set the white balance. 
The exposure used was ISO 100, with a shutter speed of 1/3 seconds and an aperture of f/18. 
To reduce possible vibrations and minimise blurring caused by the shutter, the shutter was 
raised and fixed in the mirror-up position between images.  

Prior to testing, the lamps and the camera system were allowed to reach a stable operating 
temperature. Testing was performed in a clean and dust-free laboratory with no external 
fluorescent light or sunlight. The distance between the specimens and the camera image 
sensor was 300 mm. One pixel on the specimen surface corresponds to 0.0034 mm. DIC 
analysis was performed using the professional software ARAMIS 2019 (GOM GmbH, 
Braunschweig, Germany). 

The DIC data described in this work were obtained from TIFF images, each having a 
resolution of 8256 × 5504 pixels. As the images were captured before and after inducing the 
set-recovery for each of the four cross-sections, this resulted in eight image sets. For each of 
these image sets, ten images were taken to derive their median, which was then used for the 
DIC analysis. This approach improves the spatial resolution for differentiating between 
smaller details and also reduces random system noise. 

The output from the DIC analysis was the local strain (ey), which  is a measure of the local 
set-recovery of the cross-section surface. For the DIC surface component, bicubic subpixel 
interpolation was used, with a maximum residual of 15, a maximum intersection deviation of 
0.1 pixels, and a minimum pattern quality of 0.1 pixels. A setting of 1 was used for the spatial 
median filter, and no temporal filters and no tolerance sources were used. Subset matching 
was conducted against the reference stage, with automatic subset starts, a strain tensor 
neighbourhood of 1 in a hexagonal shape function mesh, and an interpolation size of 15. The 
full-field strain representation was three-sigma-scaled. As the basis for the DIC mesh, a 
subset size of 30 × 30 pixels at a step size of 13 pixels was used. 

Results and discussion 

The thermogravimetric (DTG) curves and Gram-Schmidt profiles of the specimens taken 
from a depth of 0-0.5 mm beneath the densified surface are shown in Fig. 4. The vertical axis 
(dw/dt) is without scale, as the absolute values do not correspond well to each other between 
the specimen groups, and in this case only the peak positions and relative peak sizes are of 
interest. The DTG curve of untreated and densified wood (group D_W), was omitted for 
simplicity, as it was virtually identical to the curve of untreated wood (group C_W). The 
peaks of the DTG curves and Gram-Schmidt profiles correspond well to each other, thereby 
validating the TGA measurements.  

In the DTG curves, the untreated wood and the pure IL (BmimCl) each have one clear peak, 
at 364°C and at 308°C, respectively. The location of the IL peak is similar to that reported by 
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Efimova et al. (2013). The specimens taken from the ionic liquid-treated wood and the ionic 
liquid-treated + densified wood, both have a second peak, which is at the same location as the 
peak of the pure IL. These findings show that TGA can be a suitable approach to test the 
hypothesis formulated for this study. The size of the IL peak in relation to the wood peak is 
larger in the specimens of the BmimCl_W group than that of the BmimCl_D_W group. As 
the latter was densified at a high temperature, part of the decomposed IL probably 
disappeared during or after the densification process. 

 
Fig 4: Thermo-gravimetric curves (1st derivative) and Gram-Schmidt curves of speciemens taken from the wood surface 

(depth 0-0.5 mm). 

Fig. 5 shows the intensity of the IL-peak as a function of the depth beneath the wood surface 
of undensified and densified wood, both treated with ILs. In the left part of the figure it can be 
seen that the IL peak disappears roughly at the same depth for both densified and undensified 
wood. This is, however, misleading, as 2 mm in the undensified wood do not correspond to 2 
mm in the densified wood (as exemplified in Fig. 2). In reality, 2 mm in the densified wood 
correspond to approximately 4 mm in the undensified state, as shown in the right half of Fig. 
5, where the densified wood is virtually expanded to its initial state, and this supports the 
hypothesis of in-situ penetration of the IL. 

The findings from the TGA and EGA support the hypothesis that a substantial part of the 
penetration of the IL into the wood surface happens during the densification process, and not 
during the pre-treatment itself. To further strengthen this hypothesis, the DIC analysis would 
need to show that the set-recovery increases with a decrease in the concentration of the IL. 

Fig. 6 shows full-field data of the strain in the radial direction (ey), i.e. the set-recovery 
determined with the DIC analysis. The set-recovery is virtually zero in the region just beneath 
the wood surface. From a depth of approximately 1-1.5 mm, the set-recovery gradually 
increases and reaches its peak at a depth of 2-2.5 mm, and from there, it gradually decreases 
towards the undensified wood.  
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Fig. 5: Intensity of the ionic-liquid peak as a function of the depth below the wood surface: ionic liquid-treated vs. ionic 

liquid-treated + densified. The right figure shows the effective penetration after virtually expanding the densified wood to its 
initial thickness before densification. The colours indicate the intensity of the IL peak in relation to the wood peak. 

 
Fig. 6: Full-field digital image correlation (DIC) data of the strain (ey) of surface-densified wood that was pre-treated with 

an ionic liquid (BmimCl_D_W). 

The set-recovery in the transition zone between a depth of 1.5 and 5 mm almost exclusively 
occurs in the earlywood. This is not surprising, as the earlywood is weaker than the latewood 
and therefore more easily densified, and in general the set-recovery increases with an increase 
in compression ratio (Navi & Sandberg 2012). The TGA study did not provide data about 
differences in the level of penetration of the IL into the earlywood or the latewood. 

Fig. 7 relates the data from the DIC analysis to the results of the TGA. There are two 
locations of interest with regard to the hypothesis of this study: the drop-off point where the 
IL peak from the TGA starts to become substantially weaker, and the location of the greatest 
set-recovery determined by the DIC. The IL drop-off point coincides with the depth at which 
the set-recovery starts to increase, and the set-recovery peaks at roughly the same depth at 
which the ionic liquid peak disappears completely from the TGA curve. A plausible 
explanation for this behaviour is that this transition zone has a sufficient concentration of the 
IL to enable the densification of the weak earlywood regions, but not enough to lead to an 



 10 

equal reduction in set-recovery as in the region just beneath the surface. In addition, the 
temperature in that region was likely too low to cause the decomposition of the ionic liquid, 
thereby preventing the cellulose chains from forming a new hydrogen bond network. 

 
Fig. 7: Fig. 43: The local strain determined by the digital image correlation (DIC) (red dots and the trend curve) and the 

signal strength of the ionic liquid measured with thermo-gravimetric analysis ( TGA) (blue curve), as a function of the 
distance from the IL treated and densified surface.  

Interestingly, the DIC analysis revealed the true potential of the ionic liquid treatment, 
showing that a region of about 1.5 mm in thickness just beneath the specimen surface had 
virtually no set-recovery at all. This finding is consistent with the findings of a pre-study on 
specimens made of Scots pine veneer that were fully soaked with the IL solution and then 
surface-densified, which resulted in a complete elimination of the set-recovery. This raises the 
question if it is possible to minimise the transition zone in some way – a question that should 
be studied in the future.  

DIC appears to be a powerful tool to study the surface densification process and its effects on 
the densified wood on a scale that fills the gap between ‘macro-measurements’, such as the 
set-recovery or Brinell hardness, and ‘micro-measurements’ on the cellular level. In the 
present study, DIC was used to compare two static states (densified wood before and after set-
recovery), but with a more sophisticated setup it may be possible to track the behaviour 
throughout the complete densification process. 

Conclusion 

In this study, thermo-gravimetric analysis (TGA), evolved gas analysis (EGA) and digital 
image correlation (DIC) were applied for the analysis of the penetration of an ionic liquid (IL) 
into surface-densified Scots pine, and the local set-recovery of the densified zone.  

The TGA and EGA showed a clear separation of the decomposition temperatures of the IL 
and the wood material, enabling the determination of the penetration depth of the IL into the 
wood before and after the densification process. The data suggests that a substantial portion of 
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the penetration occurs during the densification stage. The full-field DIC data further 
strengthened these findings, as the measured local set-recovery at different depths beneath the 
specimen surface matched the concentrations of the IL in the wood as determined by the 
TGA. In the region just beneath the surface with a high concentration of the IL, there was 
close to 0% set-recovery. In the transition zone with a gradually decreasing concentration of 
the IL, the set-recovery increased, and occurred mainly in the earlywood regions of the annual 
growth rings.  

Although all findings from the three methods applied in this study support the hypothesis of 
in-situ penetration, it is difficult to prove it beyond all doubt. In order to achieve this, a gas-
chromatography mass-spectroscopy study has already been planned, with the goal of 
detecting the exact decomposition compounds of the IL at depths beneath the wood surface 
that match the findings from the TGA and DIC measurements. Further research with DIC has 
the potential to provide novel insights into the mechanics of densified and shaped wood.  
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