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Abstract 

Timber densification is a process that has been around since the early 1900s and is predominantly used to enhance 
the structural properties of timber. The process of densification provides the timber with a greater mechanical 
strength, hardness, abrasion resistance, and dimensional stability in comparison to its virgin counterparts. It alters the 
cellular structure of the timber through compression, chemical impregnation, or the combination of the two. This in 
turn closes the voids of the timber or fills the porosity of the cell wall structure, increasing the density of the timber 
and, therefore, changing its properties. Several processes are reported in literature which produce densified timber, 
considering the effect of various parameters, such as the compression ratio, and the temperature on the mechanical 
properties of the densified timber. This paper presents an overview of the current processes of timber densification 
and its corresponding effects. The material properties of densified timber, applications, and possible future directions 
are also explored, as the potential of this innovative material is still not fully realised.
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Introduction
Over the years, the push for timber and forest manage-
ment has been extensive to meet the demand for environ-
mental sustainability. In addition, shortage of structural 
timber is apparent, particularly in Australia, where bush-
fires have ravaged the plantations in late 2019 and early 
2020. As a result, the timber industries are pressed on 
creating products that utilise the forest more efficiently. 
Timber is considered as a natural renewable resource 
that is widely used as a building construction material 
due to its inherent high strength-to-weight ratio that is 
comparable to other commonly used structural materi-
als, such as concrete and steel. Specific trees are used for 
their natural properties, meaning that they are selected 
based on their performance and strength [1]. This natural 
material comes from different origins, and variations on 

their mechanical properties due to individualised condi-
tions require timber to be modified and engineered to 
overcome deficiencies [2]. Sandberg et  al. enumerated 
some of the weaknesses that are targeted by engineering 
as the following: moisture sensitiveness, low dimensional 
stability, hardness and wear resistance, low resistance to 
bio-deterioration against fungi, termites, marine borers, 
and low resistance to ultraviolet (UV) irradiation [1].

Several mechanical properties, such as strength, hard-
ness, and surface abrasion resistance of timber are cor-
related with its density. Therefore, timber species with a 
higher density are often preferred for structural applica-
tions, where strength is an important parameter. Con-
sidering the positive correlation of density with different 
mechanical properties, several attempts in increasing the 
density of timber through modification were made; this 
process is called densification. Densification is essentially 
an increase of quality and density of timber by decreasing 
the voids in the material through different techniques, 
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such as compression of the timber, use of heat and steam, 
impregnation of substances into the lumen, or a combi-
nation of all of these [2, 3]. These processes increase the 
density of timber and eventually enhance the mechani-
cal properties of timber, such as its Modulus of Rup-
ture (MOR), Modulus of Elasticity (MOE), stiffness, and 
hardness.

The first processes and concepts of densification have 
been proposed in the early 1900 in the United States 
when patents were submitted for compressed timber 
[3]. While early studies primarily focused on different 
techniques for densification and compression of timber, 
recent studies are more inclined on the stabilisation of 
the behaviours of the densified timber. Most of the stud-
ies investigated the effects of compression ratio (CR), 
temperature, pressing time, moisture content (MC), and 
other parameters to contribute to both the improvement 
of the densification methodologies and qualities of densi-
fied timber. In addition, optimisation through the use of 
statistical tools were carried out to determine the impact 
of individual parameters, as well as combinatorial effects 
on the responses. Both softwood and hardwood species 
are used for densification and the improved products 
are used in different types of applications, such as con-
nections, floor and wall systems, and framing. This paper 
presents a review on the background and types of den-
sification processes with their manufacturing character-
istics and limitations. Mechanical properties of densified 
timber from the reported investigations are critically 
reviewed.

Characteristics of virgin timber
Material properties of virgin timber
Timber is known to be an anisotropic material because of 
its cellular structure. It is considered to have three axes of 
symmetry, namely, the longitudinal, radial, and tangential 
directions. Directional properties of the timber are gen-
erally known as parallel to the grain (longitudinal), and 
perpendicular to the grain (radial and tangential direc-
tions) [4]. These directional fibres affect the properties of 
timber, where MOE is a good indicator of the variation in 
strength. Longitudinal direction is observed to have the 
highest MOE compared to transverse directions [5]. The 
cellular structure of timber is mainly composed of long 
slender cells that are oriented parallel to the axis of the 
stem. These cells are known to have a nearly rectangular 
shape with hollow centres called lumen [6]. The cellular 
structure of softwood species differs depending on the 
age of the timber, with earlywood having a lower density 
than latewood and, therefore, offer different mechani-
cal properties, as illustrated in Fig. 1. The more compact 
structure of the latewood in comparison with the ear-
lywood gives it a higher density and, therefore, higher 

mechanical properties than the latter. Meanwhile, dis-
tinct differences in vessel elements or porosity of hard-
woods based on their species in conjunction with their 
growth rate heavily affect the strength of hardwoods.

Variations in material properties are also affected by 
the species of timber, with hardwoods having higher den-
sities, and, therefore, higher strengths. In addition, spe-
cies variation is also seen depending on the region, where 
timber is grown. Table  1 shows variations in material 
properties for green and dry timber for some of the com-
mon species.

In addition to the strength of the timber, several other 
physical properties are influenced by these fibres as 
well, such as the density, shrinkage, stiffness, colour, fire 
resistance, termite resistance, electrical resistance, and 
mechanical damping [8]. Most of these properties are 
shaped by the cellular structure of the timber, which is 
made up of cellulose, hemicellulose, and lignin [9].

Timber constituents
Timber is essentially a composite structure made up of 
‘timber constituents’ [10]. Figure 2 illustrates the cellular 
structure of a trunk made with the timber constituents, 
which are divided into the main macromolecular com-
ponents, such as cellulose, hemicellulose, and lignin, and 
the minor low-molecular-weight components, such as 
extractives and mineral substances. The former is present 
in all kinds of timber, and the latter differs in type and 
amount based on the species of the timber. The approxi-
mate composition of the cell-wall, varying with species, 
are 50% cellulose, 25% hemicellulose, 20–25% lignin, and 
1–5% of extractives [11].

Cellulose is considered to be the structural basis of all 
plant cells and one of the most abundant natural sub-
stance in the biosphere. It consists of anhydroglucopyra-
nose units and is known to be a linear-polymer glucan 
with long and linear chains [11, 12]. Cellulose has a high 
tensile strength due to the covalent bonding present 
within the cells, and higher rigidity due to the hydro-
gen bonds that attach cellulose to the surrounding tim-
ber constituents [13]. The structure of the hemicellulose 
is a series of carbohydrate molecules containing the six 
carbon sugars [13]. As opposed to the long and linear 
chain of the cellulose, hemicelluloses are branched-chain 
polymers [14]. Moreover, these structures are different 
between hardwood and softwoods, wherein softwood 
hemicelluloses are galactoglucomannan and arabino-
glucuronoxylan, and the hardwood hemicellulose is glu-
curonoxylan [12]. Lignin is known as an adhesive that 
provides rigidity and compressive strength to the cell 
wall [12]. The composition of lignin is modelled after 
three-dimensional phenolic polymers, as opposed to lin-
ear or branched carbohydrate chains. The hydrophobic 
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characteristic of lignin makes the cell walls of the tim-
ber water-repellent. In addition, this characteristic partly 
affects the strength by lessening the effect of water on the 
hydrogen structure of the timber, as moisture enters the 
timber structure [13].

These three molecular components have a complex 
relationship between MC, temperature, and time of 
loading, changing the interaction between the constitu-
ents and, therefore, influences different aspects of the 
timber, such as its strength, deformation, and softening 
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Fig. 1  a Cellular structure of timber and b density distribution (reproduced from [6])
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behaviour. One of the key characteristic that affects these 
is the glass transition temperature.

Glass transition temperature
The material characteristic of timber is generally defined 
as hard and brittle. As timber constituents are hygro-
scopic to an extent, depending on the temperature 
and MC of the timber, this description changes [15]. 
Properties of timber are partly dependent on the three 
aforementioned timber constituents’ glass transition 
temperature (Tg). The Tg is an approximate temperature 
at which the material starts to soften. The Tg of the tim-
ber depends on the concentrations of the constituents as 

well as the structural arrangement in the cell-wall. MCs 
of the cellulose, hemicellulose, and lignin, also act as a 
softener and influence their respective glass transition 
temperatures. Data generally show that increasing MC 
in timber, despite the differences in species, decrease the 
softening temperature of the timber [15–18]. Figure  3 
shows the approximate Tg of timber constituents based 
on MC [15]. It can be seen that a higher MC yields a 
lower temperature to reach Tg. This effect however flat-
tens out for lignin and does not go lower than 86 °C. The 
approximate points of intersection for lignin and hemi-
cellulose are at 12% MC and 97 °C, and for cellulose and 
lignin the intersection is around 30% MC and 86 °C.

Table 1  Species and material properties of timber [7]

Species Source Density (kg/m3) MOR (MPa) MOE (GPa) Maximum 
Crushing 
Strength (MPa)

Green Dry Green Dry Green Dry Green Dry

Pine, radiata New Zealand 930 480 41 76 7.3 9.1 18 41

Pine, radiata SA, VIC (Australia) 800 500 42 81 8.1 10.0 19 42

Spruce, Sitka Great Britain 385 34 67 5.9 8.1 16 36

Pine, maritime Great Britain 480 36 77 6.6 8.9 17 40

Larch, European Great Britain 545 53 92 7.9 9.9 24 47

Fig. 2  Cellular structure and timber constituents [10]
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Strength properties, particularly the MOE of timber, 
are greatly affected by the glass transition temperature. 
Once timber passes the Tg, its material characteristic 
changes from glassy to a rubber-elastic state, altering 
the MOE and softening the substance of the timber. It 
has also been noted that in order for softened materials 
to flow, the temperature of timber has to be at approxi-
mately 50 °C higher than the Tg [16]. This softening phe-
nomenon is crucial to the densification of timber.

Fundamentals of timber densification
The densification process takes advantage of the vis-
coelastic behaviour of timber and makes it possible for 
low-density timber species to be engineered and used 
competitively, in place of higher density and higher per-
formance timber [3]. Evidently, the process depends 
on the extent of the collapse of the cellular structure to 
characterise the final mechanical and physical prop-
erties of the timber [19]. This process is not entirely 

limited to softwoods but can also be used in hardwood 
species as well to improve their stiffness and strength 
characteristics.

The anisotropic nature of timber enables the densifica-
tion process to be accomplished in different directions, 
either longitudinally, radially, or tangentially. While lon-
gitudinal and tangential densification is possible, previ-
ous research did not delve deeply into the implications of 
densification in these directions. Radial densification is 
the most commonly used process, as the materials used 
are mainly sapwood boards which have a nearly parallel 
growth ring pattern to the edges of sawn timber.

Densification typically consists of 6 basic steps and 
takes advantage of the viscoelastic properties of timber 
as well as the softening characteristic in relation to the 
glass transition temperature of the timber constituents, 
particularly the hemicellulose and the lignin. This high-
lights the importance of temperature, moisture, and load 
on the material that enables the timber to be compressed 
without being crushed. In addition, compression is also 
a function of other anatomical factors, such as the den-
sity before densification, percentage of latewood and ear-
lywood, volume, and the direction of load [3]. Schematic 
of the basic process of densifying timber is presented in 
Fig. 4 and described below:

The level of densification applied to a virgin timber 
using the densification process is called CR and specifies 
the reduction of thickness of a timber (Eq.  1). Spring-
back (SB) is defined as the thickness recovery of densi-
fied timber immediately after release of the compression 
load and is due to the thermoplastic nature of lignin [20] 
(Eq. 2). Set-recovery (SR) is also a thickness recovery but 
after replasticisation of the densified timber during usage 
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or soaking. It is a time-based process that depends on the 
severity of replasticisation. Therefore, it can last from a 
few minutes to a few years and is calculated using Eq. 3:

where ti is the initial thickness of the virgin timber, tf is 
the final thickness taken immediately after the release 
step, tt is the target thickness for the compressed timber 
before release, and tn is the thickness of the compressed 
timber after use and replasticisation.

While the densification processes use similar steps in 
achieving the final product, several differences can be 
seen in each of the densification methods. Changes in 
different parameters, tools used, and even added steps 
are included to improve the strength, SR, processing time 
and accessibility, and overall usability of the densified 
timber.

Densification techniques used for timber
Densification of timber can be done through mechani-
cal or chemical processes, such as either compressing 
the timber and forcefully closing the voids of the tim-
ber or filling the porosity of the cell wall structure with 
chemicals to reduce the voids in solid timber; mechani-
cal and chemical processes can also be combined for 
densification.

Mechanical densification
Thermo‑mechanical (TM) densification
Stabilisation of timber through heating is one of the old-
est and simplest ways of increasing its value and use. 
Early research set the main foundations of the concept of 
densification using heat to improve dimensional stability, 
and compression to enhance the density and strength of 
the timber [21, 22]. TM densification is commonly done 
using open hot-press, where there is no control over the 
MC and relative humidity (RH) of the environment, and 
hence pre-treatment is crucial. Consequently, in the pro-
cess of densification through heat-stabilisation, timber is 
pre-heated and conditioned to a MC of 13% which elimi-
nates the risk of damage during the compression stage 
[23]. This also increases the flow of lignin in the timber 
which consequently relieves the internal stresses of the 
timber during compression [20]. Following pre-heating, 
timber is compressed using a hot-press in temperatures 

(1)Compression Ratio, CR =

(

ti − tf

ti

)

∗ 100[%]

(2)Spring − back, SB =

[

(tf − tt)

(tt)

]

∗ 100[%]

(3)Set − recovery, SR =

[

(tn − tf )

(tn)

]

∗ 100[%]

ranging from 130 to 180  °C, and then set and fixated 
through cooling of the panels to less than the tempera-
ture of the boiling point of water before withdrawal of 
compression. Without this step, significant SB will occur 
due to the thermoplastic nature of lignin [20]. The result-
ing product is timber with high density, strength, and 
dimensional stability.

A range of variables can be considered with the manu-
facturing of densified timber through heat-stabilisation. 
Changes in temperature, CR, MC, RH, and time of heat-
ing all offer different effects on the densified timber, such 
as increased hygroscopicity, dimensional stability, dura-
bility, surface quality, MOR, MOE, Janka hardness, sur-
face abrasion, and the nail⁄screw withdrawal strength [20, 
24–35].

Thermo‑hydro‑mechanical (THM) densification
The process of subjecting timber through the effects of 
temperature, moisture, and mechanical action is called 
the THM process. Combination of these three effects 
is utilised to overcome the drawbacks of densification 
and thermal treatment, such as SR and SB. Stabilisa-
tion through the injection of steam before or during the 
compression stage improves the dimensional stability 
of the timber through the steam softening of the lignin 
and hemicellulose matrix and not through degradation 
of the hemicelluloses. Due to the softened matrix and 
the microfibrils move, a decline in mechanical prop-
erties is minimised and surface hardness is increased 
while improving the dimensional stability of the densi-
fied timber [36]. This process increases the compress-
ibility of timber and reduces the level of stress stored by 
compression through the promotion of viscous flow of 
timber substances [37]. Through hemicellulose hydroly-
sis and elution using moisture and its mechano-sorptive 
effect, complete fixation can be achieved with increasing 
temperatures and decreasing times [38–40]. This pro-
duces stable timber that is permanently fixated and has 
improved efficiency, dimensional stability, decreased 
hygroscopicity, and enhanced density, mechanical prop-
erties, and durability over TM Densified timber [36–46]. 
However, Chen et  al. recently proposed that changes 
in the crystallinity and crystal width of the cellulose 
explains the possible mechanism underlying shape fixa-
tion through steaming [43]. In addition, changes in the 
mechanical properties through steaming were explained 
through a slip-cure model, wherein the timber cell wall 
acquires microfractures in compression, and steaming 
induces a rearrangement of the crystalline cellulose, set-
ting the compressed shape of the timber [43].

The technique of creating densified timber is simi-
lar to heat-stabilisation, however one difference is that 
steam circulation instead of dry heat during compression 
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is utilised to fixate the deformation of the timber. This 
requires holes or grooves on the surface of the compres-
sion plates. This process also utilises an enclosed system, 
allowing a strict control of variables such temperature, 
MC, pressure, and RH inside the closed system [38]. 
Moreover, the use of moisture in the treatment stages 
contributes to the hydrolysis of the celluloses and ena-
bles stress relaxation to occur in the timber, therefore, 
increasing the dimensional stability of the timber and the 
improvement of the aforementioned properties [44].

Viscoelastic thermal compression (VTC)
VTC densification takes advantage of the natural behav-
iour of the polymers (cellulose, hemicellulose, and lignin) 
found in timber which are both viscous and elastic. 
The process of VTC densification involves a continu-
ous apparatus that enables (1) simultaneous heating and 
conditioning; (2) timber softening through rapid vapour 
decompression; (3) compression; (4) annealing to pro-
mote thermal degradation and relaxation; and (5) cooling 
and conditioning of the panels. An example of this is pat-
ented by Kamke and Sizemore, as shown in Fig. 5 [47].

The viscoelastic polymers of timber can behave either 
as viscous fluids or as linear elastic solids depending on 
temperature, duration of exposure and diluent concen-
tration [47]. High temperatures, high MCs, and longer 
exposure can be associated with timber that exhibit com-
pliance and a rubbery state, while lower temperatures, 
low MCs, and shorter exposure times produce timber 
that display a glassy behaviour. Properties of these vis-
coelastic polymers change when the timber surpasses 
its Tg, exploiting the mechanosorptive effect of timber. 
Temperatures exceeding the Tg, combined with induc-
ing rapid vapor decompression and removal of water in 
the cell wall softens the molecules of the timber and pro-
motes polymer mobility, preventing brittle fractures even 
with large cross-sectional movement [3]. Through treat-
ment in this transition phase, the resulting material is a 

densified timber with increased strength, stiffness, and 
decreased hygroscopicity [47].

Surface densification
Surface densification only affects the first few millime-
tres of the timber and hence the densification process is 
quicker than usual [48], resulting in a change in density 
profile of the densified timber board. Sharing the same 
principles as heat-stabilisation, surface densification uti-
lises heat to press the first few millimetres of the tim-
ber. Early studies have investigated this by continuously 
using a combination of belt and heated shoes that linearly 
move. This process sandwiches the panels and cools them 
down using water-cooled shoes at the end. This subjects 
the timber to short periods of heat and pressure, followed 
by a cooling step afterwards [49]. However, the process of 
surface densification is not limited to this. Different pro-
cesses, such as the use of linear vibration friction tech-
nology (LVFT), VTC, THM, or regular heat-stabilisation 
with altered compression times have come up in recent 
years [48, 50–58]. All of which have successfully altered 
the density profiles of the timber and increased the den-
sities of the surface of the timber. Changes in density 
profiles have the potential for different applications due 
to the variation of density peaks and valleys, and since 
wear and abrasion resistance are mostly density depend-
ent, this type of timber can be used in applications such 
as flooring, wherein surface hardness and a soft core is 
required [59, 60].

Chemical densification
The pursuit of dimensional stability and reduction of SR 
on densified timber has led researchers to explore the use 
of chemicals to impregnate the timber, improving their 
mechanical properties. Chemical modification is a pro-
cess, wherein the polymeric constituents of timber, such 
as lignin, hemicellulose, or cellulose, go through a chemi-
cal reaction with an agent and form a stable covalent 

Fig. 5  Continuous VTC densification apparatus [47]
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bond between the reagent and the timber constituents 
[61]. Since the primary use of chemicals in timber is to 
improve the dimensional stability, overall durability and 
lifespan of the timber, the combination of impregnation 
and densification complement each other. Examples of 
chemicals used are acetic anhydride, phenol-formalde-
hyde, and melamine-formaldehyde.

Acetic‑anhydride
Several catalysts have been explored for acetylation over 
time. Examples such as zinc chloride, urea–ammonium 
sulphate, dimethylformamide, sodium acetate, magne-
sium persulfate, trifluoroacetic acid, boron trifluoride, 
and γ-rays have been researched; however, recently most 
acetylation reactions are performed without the use of 
catalysts. The acetylation process evolved by limiting 
the amount of acetic anhydride and acetic acid used, 
and heating up the specimens to 120  °C and 130  °C for 
solid timber (after soaking in cold anhydride); and for 
other samples such as fibres, particles chips, veneer and 
thin solid timber, temperatures of 120  °C–165  °C were 
applied [62]. Acetic anhydride reacts with the timber 
constituents and results in the esterification of accessible 
hydroxyl groups in the cell wall, forming acetic acid. This 
by-product is then removed from the final product due 
to its odour. As a result of the acetylation process, the 
resulting product has high dimensional stability due to 
the decrease in hygroscopicity, high hardness properties, 
and increased fungal resistance. A limitation, however, is 
that no increases in mechanical properties are seen in the 
acetylation process [62–68].

Phenol‑formaldehyde (PF)
The impregnation of timber with the use of PF gives the 
timber better dimensional stability and resistance to 
swelling and shrinking, greatly reducing the SB tenden-
cies of the timber when the resin is completely cured. 
Through penetration of the cell-wall structure and bond-
ing of the active groups in the timber, the resin is able to 
minimise the swelling and shrinking of the timber struc-
ture by filling the capillaries of the timber and blocking 
the entrance and exit of water without affecting the equi-
librium moisture sorption or equilibrium swelling [69]. 
This treatment also alters timber’s plasticity at polymeri-
zation temperatures before setting of the resin, providing 
good compressibility aspects, in addition to dimensional 
stability through the crosslinking of timber components 
[70, 71]. The combination of PF treatments and compres-
sion improves the density, strength, hardness, combus-
tion performance, and reduced SR of the densified timber 
[71–74].

Melamine‑formaldehyde (MF)
MF is a thermosetting resin which is available in high 
concentrations (65–75%) and requires dilution due to 
its high viscosity; the dilution process requires the MF 
resin to be produced in an etherified form to increase 
water tolerance and enables the MF resin to penetrate the 
timber cellular structure [75]. With MF being one of the 
hardest and stiffest isotropic polymeric materials, substi-
tuting PF resins with MF resins in the impregnation of 
timber has shown potential in improving several proper-
ties of timber, such as MOE, hardness, weathering resist-
ance, and dimensional stability [75, 76]. Almost complete 
fixation of the timber after thermal compression is seen 
with specimen soaking and boiling under water [75], per-
forming better than THM treatments in soaking cycles 
and efficiency in production due to the elimination of 
drying and cooling stages [77, 78].

Summary
Underlying challenges with the existing densification 
techniques
Despite improved properties of the heat-stabilised densi-
fied timber, one of the limitations is the occurrence of SR. 
This phenomenon is dependent on several factors, such 
as density, CR, and timber species, wherein a lower den-
sity timber and higher CR exhibits higher SR, mainly due 
to the internal stresses induced in the densification pro-
cess [54]. The occurrence of SR may be reduced through 
the increase of compression temperature, and compres-
sion time [24, 79–81], but prevention of SR is usually 
done through thermal modification during the post-
treatment stage [82, 83]. The core idea of thermal modi-
fication in post-treatment is to heat the timber above 
temperatures of 150  °C to accelerate chemical reactions 
in the timber [82]. However, the pursuit of dimensional 
stability led to reduced mechanical performance. In addi-
tion, the appearance of the timber is changed, darkening 
further as the dimensional stability increases [20].

Improvements required on the process of TM densi-
fication led researchers to explore different methods of 
stabilising the dimensions of timber with changes in MC, 
along with THM densification. Theoretically, stabilisation 
of timber happens through thermal degradation of the 
hemicelluloses in the cell wall [36], which can be over-
come by suitable combinations of temperature, moisture, 
and mechanical action. Although improvements in the 
properties of densified timber were seen through THM 
densification, this treatment is limited to small timber 
samples that are relatively uniform. The requirement of 
an autoclave or a sealed vessel limits the production to 
small-scale specimens, similar to VTC densification, in 
which the thicknesses of the timber samples start within 
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the range of 3–12  mm before compression, due to the 
need of rapid moisture movement in the system. The 
MC before VTC densification can be more than the fibre 
saturation point; however, a MC of 15–30% is preferred 
[84]. Accordingly, applications are limited to veneers and 
other engineered wood products (EWP) as well as con-
nection components.

The utilisation of the aforementioned densification 
techniques resulted in the formation of surface den-
sification. Compared to the traditional densification 
techniques, surface densification allows a quicker turn-
around time for both the densification stages and imple-
ments additional treatments for SR, enabling the process 
to achieve lower energy requirements [50]. Taking advan-
tage of the difference in density profile, surface densified 
timber can be applied to different scenarios, such as tim-
ber flooring and production of single-piece timber com-
posites with high-strength outer layers and low strength 
cores [85].

The use of chemicals in conjunction with densifica-
tion gives manufacturers an alternative to the usual TM, 
THM, and VTC process. Impregnation allows soften-
ing of the timber constituents, aiding the densification 
and compression process, as well as improving differ-
ent characteristics of densified timber. However, chemi-
cals are often seen negatively due to their composition 
and cost, as this prevents timber from being reused at 
the end of their design life, lowering their end-of-life 
potential. Table  2 presents key features of all the exist-
ing densification methods with their relative advantages, 
requirements, and descriptions.

Future research directions on densification methods
Although the process of densification has been part of 
the construction industry since the early 1900s, a widely 
accepted technique of creating densified timber does 
not exist due to the lack of specific design and quality 
standards for the densified material specifications. The 
manufacturing process of densified timber involves sev-
eral parameters including the type and species of timber, 
MC, temperature, and CR, and all of these contribute 
to the final physical and chemical characteristics of the 
densified timber. The anisotropic nature of timber and 
variability of timber species add to the complexity of the 
manufacturing process. In addition, environmental con-
ditions in growth and manufacturing techniques also 
affect the characteristics of the densified timber. Certain 
applications of densified timber can require different 
strength properties as well, highlighting the necessity of 
optimising manufacturing parameters through the use of 
standards. It is essential that the development of densifi-
cation methodologies and testing processes are created to 
establish guidelines for densified timber. This will also aid 

in the repeatability of the process and the consistency of 
end product, i.e., densified timber. Numerical and math-
ematical models of the properties of different species of 
timber, based on certain manufacturing variables, can 
help jump-start the creation of design standards of densi-
fied timber. Likewise, a design standard for the applica-
tion of densified timber in larger structures is essential.

It is important to improve the manufacturing tech-
niques and commercialise the densification procedures. 
The closest product to densified timber is a resin-
impregnated veneer-laminate called Lignostone. Cur-
rent processes for densifying timber are batch processed 
and involve several steps that require pre-treating or 
post-treating the timber as well as compressing the tim-
ber over different periods of time. The complexity of 
the process poses an issue with logistics, as each step 
of the densification process requires specific machines 
or conditions to complete. The VTC process proposed 
an inventive method that consists of a continuous belt 
and roller that divides the steps into zones and manipu-
lates the viscoelastic behaviour of the material to com-
press the timber. However, only thin timber components 
(3–12 mm thick prior to compression) are suited for this 
process [47]. All of the current densification processes 
require several steps in creating the densified product, as 
well as excessive amounts of time in treatment stages, be 
it in compression, heat, or chemical impregnation, result-
ing in significant energy consumption and financial costs. 
Industrial scale densification also requires more intensive 
control on the MC of the specimens. A study by Welz-
bacher et  al. attempted an industrial scale densification 
using a thermo-mechanical process and resulted in an 
explosion during the pressing stage because of the exten-
sion of moisture in the specimens [86]. In addition, due 
to the decrease in volume of the specimens after com-
pression, larger and thicker timber are required initially 
to use them as structural timber. Usual structural tim-
ber thicknesses range from 35 to 45  mm, which would 
require a thickness of approximately 100  mm before 
densification to compress to a level in which mechani-
cal properties increase significantly. One way of utilising 
densified timber is through the creation of laminates and 
treating the densified timber as veneers, with a similar 
layup as laminated veneer lumber (LVL), glue-laminated 
timber (Glulam), or cross-laminated timber (CLT). Fur-
ther work is required in the industrialisation, improve-
ment on energy consumption and application aspect of 
densified timber.

Properties of densified timber
Mechanical properties of densified timber have been 
investigated by researchers over the years, outlin-
ing the factors (inherent to timber and manufacturing 
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parameters) that influence different properties of the 
engineered timber. Species of timber, as well as differ-
ent manufacturing techniques affect the properties of the 
timber including the mechanical strength, hardness and 
abrasion, and dimensional stability of the densified end 
product.

Mechanical strength characteristics of densified timber
Tabarsa and Chui studied the effects of hot-pressing on 
the properties of white spruce (Picea glauca (Moench.) 
Voss) in relation to different CRs and pressing tempera-
tures [25]. Figure 6 presents the effect of temperatures on 
MOE and MOR obtained from experiments. In general, 
hot-pressing improved the MOR and MOE of the speci-
mens. It was observed that pressing temperature had a 
larger effect on MOE and MOR than the CR. MOE and 
MOR are higher at higher temperatures, mainly due to 
lower cell wall damage from compression, higher densi-
fication, and lower SB of the specimens [25]. The results, 
in comparison to control specimens, suggest that positive 
changes in mechanical properties are only realised at CRs 
higher than 15% and temperatures higher than 100  °C. 
At temperatures above 100 °C, a thermal softening phe-
nomenon and a loss of amorphous polysaccharides break 
the intermolecular and intramolecular bonds of the tim-
ber [87]. However, contradicting results have been shown 
that an increase in temperature does not merit higher 
mechanical properties, and an increase of pressing tem-
perature in the densification process even decreased the 
timber strength properties [26]. Rather, the CR of the 
specimens governed the increasing MOE and MOR of 
the timber [88]. In addition, Ulker et al. suggested that an 
increase of pressing temperature in the densification pro-
cess decreased the strength properties of Scots pine [88].

This was further investigated by Anshari et  al., as the 
MOE and shear modulus of densified sugi was investi-
gated in different directions of the specimen [30]. Figure 7 

presents the results, wherein G is the shear modulus, E 
is the MOE, and L, R, and T are the longitudinal, radial, 
and tangential directions, respectively. MOE generally 
increased with increasing CR, and EL increased the most 
significantly; reaching the highest MOE of 32,858  MPa 
and increasing by 309% from the base. It was observed 
that the G values in the LT plane showed improvement 
with increasing CR, gaining approximately 754% at a 
70% CR. Contrary results were observed in the LR plane, 
even decreasing to less than the virgin timber’s proper-
ties. This is mainly due to the densification occurring in 
the radial direction. Furthermore, a similar trend was 
observed by Yoshihara and Tsunematsu, where LR plane 
shear modulus decreased and the minimum being at 50% 
CR [41]. It was inferred that the variation of shear modu-
lus is due to the slippage induced at the fracture between 
planes. MOE values on the other hand, increased in both 
the L and T directions. Radial MOE was affected nega-
tively, with the exception of the 70% compressed timber, 
due to the fracture of timber cells during the densifica-
tion process.

Tanaka et  al. investigated the bending and shear 
strength properties of densified sugi adopted as a con-
nector [29]. It was reported that an improvement in both 
bending and shear strength was seen through the den-
sification process. Yoshihara and Tsunematsu, however, 
reported that there is no correlation between bending 
strength and CR [41]. In contrast, compressive strength 
of densified timber increased with increasing CR and 
density as mentioned by Pelit and Yorulmaz [34]. Pelit 
and Yorulmaz investigated the effects of densification 
on the mechanical properties of thermally pre-treated 
spruce and poplar timber and found that thermal pre-
treatments generally had a positive effect on the MOE 
(up to 200  °C treatment temperature) and a negative 
effect on the density, Brinell hardness and MOR of tim-
ber [34]. The three values decreased by 9%, 28%, and 
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37%, respectively, at 200 °C with 9 h pre-treatment time. 
Sözbir et  al. also found that both heat treated timber 
(HTT) and heat treated densified timber (HTD) densities 
increased until 200  °C [35]. Thermal degradation of the 
hemicellulose at higher temperatures negatively affected 
the pre-treated timber at varying rates. Furthermore, a 
study by Navi and Heger found that temperatures greater 
than 180 °C led to a reduction in mechanical properties 
due to the macroscopic cracks in the lignin of the tim-
ber [39]. While dry heat usually results in degradation at 
higher temperatures, steam has a different effect. Kut-
nar and Kamke investigated the effects of compression 
of timber in VTC under three different steam condi-
tions [89, 90]. It was established that the condition of the 
steam environment and the temperature of compression 
affected the relative density and the strength properties 
of the timber. Compression under transient conditions 
at 170  °C produced the highest density and the greatest 
MOE and MOR of the samples, while compression under 
superheated steam resulted in a lesser increase of proper-
ties in the experiment. THM densification also produce 
improvements on density, shear strength, and MOE over 
the earlier forms of densification processes. A large con-
tributing factor to this is the increased plasticisation that 
occurs in THM processes due to the moisture that is pre-
sent in the pores, vessels and lumen of the timber [43].

Densification with chemical processes improves 
the strength properties as well. Shams et  al. investi-
gated the deformation behaviour of low molecular 
weight PF resin-impregnated timber under compres-
sion in the radial direction [91]. The process enables 
the manufacturing of high-strength timber using low 

pressures. It was reported that at the same pressure, 
PF resin-impregnated timber has a higher density than 
untreated timber. At approximately 10  MPa, the PF 
resin-impregnated timber has a density of 1300  kg/m3 
in comparison to the untreated timber with 850  kg/
m3. It was also observed that the MOE and the bending 
strength of the timber increased linearly regardless of 
the PF impregnation. Higher concentrations of PF resin 
also resulted in higher mechanical properties for the 
timber [92]. Different parameters used for compress-
ing PF resin-impregnated timber also yielded different 
results for the MOE and bending strength. Analys-
ing the data reported by Shams and Yano, Fig. 8 shows 
trends on the changes in various mechanical properties 
with varying manufacturing parameters [92]. It is seen 
that resin concentration is linearly and positively cor-
related with MOE and MOR. This is due to the increase 
in weight, volume, and density which is the main driver 
for the increase in mechanical properties. Preheat-
ing temperature reduced both the MOE and MOR 
of the samples as it increased. Lower densities were 
seen in preheated samples with higher temperature, 
mainly due to the condensation of the resin, affecting 
the plasticising effect of the impregnation. In turn, this 
reduced both the compressibility of the timber as well 
as the final density of the timber. Pressing temperature 
has a negligible effect on the mechanical properties at 
temperatures below 160  °C, however it has a negative 
effect on MOE and MOR on temperatures from 160 °C 
and above. While pressing temperature assisted in the 
plasticisation of the timber, higher temperatures accel-
erated the condensation of the resin and hindered the 
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compression of the timber. In addition, thermal degra-
dation can be attributed to the lower mechanical prop-
erties of the samples. No significant differences were 
found on the effect on pressing speed, with the excep-
tion of the pressing speed of 2 mm/min. This highlights 
the importance of pre-heating temperature, pressing 
temperature, and resin concentration on the determi-
nation of the optimal parameters for densified timber. 
Moreover, compressive behaviour and deformation 
behaviour of PF resin-impregnated timber is species 
dependent, and softwoods collapse more easily at lower 
pressures than hardwoods due to their simple structure 
[93]. It was established that low density timber species, 
such as softwoods have an advantage in creating high-
strength timber with PF resin-impregnation, yielding 
better results than hardwood species.

The use of a mixture of sodium hydroxide and sodium 
sulphite can be used in densification as well. Song et al. 
investigated the effects of high-temperature compres-
sion in combination with a chemical treatment of sodium 
hydroxide and sodium sulphite to manufacture densified 
timber [94]. Density, compression strengths in all three 
directions as well as the ultimate tensile strength were 
reported to have increased.

Key mechanical strength properties of densified tim-
ber with different species, methods, and parameters have 
been summarised in Table 3 and 4.

Stress–strain behaviour
Most studies on materials to increase their strength 
results in a decrease in ductility, which produces high 
strengths materials showing brittle behaviour during fail-
ure. Bouhala et  al. reported compressive stress–strain 
behaviour of densified and undensified timber after 
investigating the application of compressed timber on 
adhesive free timber structures [95].

Finite element simulations were performed based on 
a user-defined constitutive law with multi-yield sur-
face plasticity to describe the behaviour of the timber 
material. From the analysis, a comparison between 
the stress–strain curves of densified and undensi-
fied timber, as shown in Fig. 9, were obtained through 
experimental and numerical means. Compressive 
stress–strain diagrams exhibit different behaviours of 
densified timber when compared to undensified tim-
ber. Failures of the specimens tested in radial direction 
are brittle with a sharp load drop once the strength 
limit is reached. Compression in the tangential 
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Table 3  Summary of MOE and MOR of densified timber from various densification method research

GB/T Chinese GB Standards, ASTM American Society for Testing and Materials, JIS Japanese Industrial Standards

References Species Testing standard Densification 
method

Parameters tested Density (% change) MOE/MOR (% 
change)

[40] Populus tomentosa 
(Chinese white 
poplar)

GB/T 1936.1–2009 THM CR (50–75%) 82.93–217.07% 30.00–120.00%/44.00–
93.33%

[41] Picea sitchensis Carr. 
(Sitka spruce)

ASTM D143-94
JIS Z2101-94

THM CR (33–67%) 33.33–77.78% 78.57–114.29%/− 
11.11–11.11%

[84] Populus del-
toides × Populus 
trichocarpa (Hybrid 
poplar)

Not reported VTC CR (63–132%) 61.88–139.27% 37.93–128.74%/32.89–
102.63%

[89] Populus del-
toides × Populus 
trichocarpa (Hybrid 
poplar)

Not reported VTC Steam Temperature 
(150–170 °C)

87.67–228.73% 51.24–314.60%/31.85–
260.31%

[91] Cryptomerica japonica 
D. Don (Sugi)

Not reported PF Densification Pressure (0–10 MPa) 105.88–311.77% 11.11–200.00%/44.44–
211.11%

[92] Cryptomerica japonica 
D. Don (Sugi)

Not reported PF Densification Resin Concentration 
(1–20%), Press-
ing Temperature 
(120–180 °C), Pre-
heat Temperature 
(50–100 °C), Pressing 
Speed (2–50 mm/
min)

41.18–264.71% Not reported/ Not 
reported

[93] Paraserianthes falkata 
(Albizia)

Not reported PF Densification Species 200% 233.33%/250%

Cryptomeria japonica 
(Sugi)

140% 162.5%/128.57%

Pseudotsuga douglasii 
(Douglas fir)

63.64% 78.57%/40%

Ulmus sp. (Elm) 40% 28.57%/5.88%

Betula maximowiczi-
ana (Birch)

21.43% 13.33%/− 6.67%

Table 4  Summary of MOE and MOR of densified timber from various TM densification research

JIS Japanese Industrial Standards, ISO International Organization for Standardization, TS Turkish Standards Institution

References Species Testing standard Densification 
method

Parameters tested Density (% change) MOE/MOR (% change)

[25] Picea glauca (Moench.) 
Voss. (White spruce)

Not reported TM CR (12–32%), Press-
ing Temperature 
(20–200 °C)

Not reported − 5.52 to 36.63%/− 4.11 
to 32.05%

[27] Cryptomerica japonica  
D. Don (Sugi)

Not reported TM CR (33–50%), Press-
ing Temperature 
(140–200 °C)

36.36–87.88% 17.98–60.67%/9.85–
54.85%

[29] Cryptomerica japonica  
D. Don (Sugi)

JIS Z2101 TM CR (30–70%), Direction 28.57–251.43% 16.67–166.67%/50.00–
183.33%

[30] Cryptomerica japonica  
D. Don (Sugi)

Not reported TM CR (33–70%), MC 
(6–16%)

33.33–300% 148.3–310.73%/Not 
reported

[33] Pterocarya fraxinifolia 
(Caucasian wingnut)

ISO 3133 TM Pressing Temperature 
(110–170 °C)

16.63–26.74% 63.93–79.40%/157.06–
252.15%

[35] Populus usbekistanica 
(Poplar)

TS2474
TS2478

TM Heat Treatment Tem-
perature (120–200 °C)

144.55–188.18% 72.67–130.32%/− 2.58 to 
71.64%

[88] Pinus Sylvestris L. (Scots 
pine)

TS 2474 (1976) TM Pressing Temperature 
(120–160 °C)

83.72–88.37% − 1.23 to 11.43%/− 6.08 
to 42.56%
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direction shows a moderately ductile behaviour for 3 
of the 5 samples, exhibiting elastic–plastic behaviour. 
Similar behaviour has been observed in the case of 
longitudinal compression. No specific failure modes 
were reported in the study.

Hardness and abrasion resistance
Hardness and abrasion resistance, similar to the strength 
properties of densified timber, improve with increas-
ing density. The density profile of densified timber, peak 
density as well as the thickness of the densified zone are 
reported to influence the hardness of the timber [58, 96]. 
Tarkow and Seborg reported that abrasion resistance 
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Fig. 9  Compression stress–strain diagrams ( reproduced from Bouhala et al. [95])
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increased by at least 15 times as the density was doubled 
in densified timber; this abrasion resistance is higher than 
that of conventional hardwood maple [49]. The modified 
surface also featured increased hardness of up to 140% 
for surface-densified aspen [96]. It was observed that the 
elasticity of surface densified timber also increased with 
increasing hardness [55], forming a “rubber-like” layer 
that protects the surface of the material against impact 
[97]. Moreover, Laine et al. reported that changing both 
compression temperature and closing time can positively 
affect the hardness of the timber, as shown in Fig. 10 [55]. 
Higher temperatures and slower pressing speeds shifted 
the peak density away from the surface of the timber and 
lowered the hardness values. Lower temperatures and 
shorter closing times were reported to increase the peak 
density of the surface of the timber but increased the risk 
of breaking the cell wall structure.

CR is reported to have the least effect on the hardness 
property of surface densified timber. Rautkari et al. found 
that density of the surface layer was the most impactful 
property for the surface hardness of the timber, and CR 
had a limited effect to the hardness [98]. Results reported 
by Rautkari et  al. shows almost no difference on hard-
ness between different CRs (initial thicknesses from 
18–22 mm to 15 mm) and different processes including 
thermal modification, densification, and the combination 
of both [98].

Dimensional stability
Background
The problem of dimensional stability had plagued early 
studies of timber densification. A phenomenon called 
‘shape memory’ is present in densified timber [43], 
which is caused by internal stresses in the timber cells 

set through compression. The elastic energy stored in the 
crystalline regions of the microfibrils and lignin of timber 
is the main cause of SR in compressed timber. Moreo-
ver, the shape-fixation of densified timber is developed 
through the formation of hydrogen bonds between the 
deformed microfibrils and the lignin [39]. It was found 
that untreated and densified timber tend to recover from 
compression as soon as they are exposed to moisture and 
recover close to its original state when soaked in water 
[22]. Since then, several research carried out investiga-
tions to improve the dimensional stability of densified 
timber. Norimoto et  al. suggested three mechanisms 
which are essential in permanently overcoming chal-
lenges in densified timber, such as the formation of cross-
linkages between molecules of the timber matrix; the 
relaxation of the stresses stored in the timber matrix dur-
ing compression; and the prevention of re-softening of 
the cell wall by increasing the hydrophobicity of the cell 
wall, as shown in Fig. 11 [24].

Development of densification techniques with improvements 
to dimensional stability
Early work on densified timber made use of phenol-for-
maldehyde resin impregnation to aid in the compression 
of timber through the plasticisation of cells. This densi-
fied timber product, called Compreg, not only has higher 
strength properties than untreated timber but also has 
increased dimensional stability as the phenolic-resin 
treatment tends to hold the timber in its compressed 
form largely eliminating SB of the compressed timber 
[22].

With the intention of decreasing the recovery of den-
sified timber, Seborg et  al. created Staypak, which is a 
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heat-stabilised compressed timber that is heated dur-
ing the pressing process [20]. Although it does not tend 
to SB in the presence of moisture, Staypak has to be 
pressed with the optimum combination of MC, tem-
perature and time of pressing to prevent SR. This effect 
is due to the release of stresses in the timber matrix 
resulting from compression.

Pre- and post-treatment of timber generally has a 
positive effect on the timber as well. Dwianto et  al. 
found that pre-heating timber using three different 
methods (air heating, molten metal heating, and vac-
uum heating) resulted in almost complete and perma-
nent fixation of the densified timber [81]. Similarly, 
Pelit et  al. explored the use of the ThermoWood pro-
cess applied after thermo-mechanical densification 
of Scots pine [82]. SB readings were at its lowest when 
heat treatment was applied at 210 °C. The study showed 
that approximately 18% of SR was seen in samples, heat 
treated at 210  °C. Similar results were observed in a 
study reported in 2016 on Uludag fir and Black poplar 
samples [83]. Another heating method is the use of oil 
as a medium. Oil-heat treatment (OHT) was applied as 
a post-heat treatment by Welzbacher et al. [86]. Results 
showed that both treatment temperatures and duration 
affected the SR of the specimens, with temperature hav-
ing a larger impact on the stability of the timber. Densi-
fied untreated samples resulted in SRs greater than 15% 
compared to the 5% SR of the densified treated samples.

Sufficient plasticisation through steaming improved 
dimensional stability as well. Inoue et al. determined the 
effect of steaming on the dimensional stabilisation of sugi, 
with a CR of 50% at different temperatures for various 
lengths of time [36]. Longer steaming times and higher 
steam temperature led to substantially less recovery. 
After cyclic soaking tests, specimens steamed at 180  °C 
for 8 min recovered by approximately 10%, in comparison 
with unsteamed specimens recovering more than 80% of 
their initial thickness. Similar results were achieved in 
both pre-steaming and post-steaming compressed tim-
ber. Inoue et  al. studied the effects and mechanisms of 
pre-steaming on the recovery of timber [37]. Specimens 
were pre-steamed in an autoclave at temperatures rang-
ing from 120 to 220 °C for 10 min. Almost complete fixa-
tion was achieved by pre-steaming at 220 °C for 10 min.

Another process that targets the dimensional stability 
of densified timber is the THM process. Navi and Girar-
det investigated the mechanisms of permanent fixation 
using the THM process on small specimens of beech, 
spruce, and pine [43]. It was found that in THM treat-
ments, dimensional stability benefits from increased 
heat, compressive stress and processing time. In com-
parison to thermal processes, THM’s ability to retain 
moisture and confine the timber in saturated conditions 
plasticises the timber more and, in turn, enables densifi-
cation at much lower pressures. This provided the timber 
with higher dimensional stability as the cell lumens of the 
timber completely closed due to the compression in com-
bination with moisture in a closed environment. Accord-
ing to Navi and Heger, relaxation of the internal stresses 
was achieved through the weakening of the bonds of the 
hemicelluloses by hydrolysis and elution [39]. The THM 
process caused a reduction in the total pore volume and 
pore area [40]. It was inferred that a physio-chemical 
bonding occurred in the closed lumens which enables 
less SR for the timber to occur. In addition, with similar 
mechanics as THM, VTC densification also improved the 
dimensional stability of timber.

The use of chemicals, similar to Compreg, was explored 
in recent years. Inoue et  al. explored the use of acetic 
anhydride at 120  °C with a CR of 50% to increase the 
dimensional stability of the acetylated densified timber 
[71]. The acetylation process prevents water molecules 
from entering the cell wall through substitution of the 
hydrophobic groups with hydroxyl groups. As shown in 
Fig. 12, acetylation is effective in preventing SR in a high 
moisture environment at a room temperature of 20  °C. 
However, this effect diminishes in the case of acetone 
soaking or boiling. Inoue et al. further studied the recov-
ery behaviour of densified and acetylated timber using 
the non-softening mechanism [67]. A CR of 50% was 
used on the acetylated specimens, and different weight 

Fig. 11  Mechanisms of permanent fixation of deformation [37]
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gain percentages of acetyl were used (up to 22%). Higher 
acetyl weight gain percentage resulted in a larger decrease 
in SR. In addition, recovery at room temperature further 
decreases as the acetyl weight gain percentage increases 
due to the improved hydrophobicity that acetic anhy-
dride provides in the timber cell wall. Laine et  al. also 
explored the use of acetylated timber in surface densifica-
tion [99]. Average SR for untreated densified timber was 
approximately 75%, while the same for acetylated infused 
surface densified was significantly lower at 24%. One of 
the problems mentioned is the possibility of acetyl chem-
icals to be leached after water soaking, further increasing 
water uptake and, therefore, increasing SR after soak-
ing cycles [99]. Furthermore, it was inferred that acety-
lated timber has a different viscoelastic response which 
leads to different reactions in the inner stresses of the 
timber. This is due to the transformation of the hydroxyl 
groups in the timber into acetyl groups, influencing the 
SR mechanism in acetylated timber. MF resin was also 
used to improve the dimensional stability of compressed 
timber. Inoue et al. investigated the use of MF resins as 

a fixation tool for densified specimens and found that 
pre-treatment using MF resins was effective in increas-
ing the dimensional stability of densified timber [75]. MF 
treated timber achieved excellent SR percentages with an 
8% solution when tested in 20 °C temperature water, and 
a 25% solution was required to permanently fixate the 
specimens in boiling water, as shown in Fig. 13.

Compreg-like products were further improved using 
lignin removal treatments, such as NaClO2, facilitat-
ing the plasticisation of the cell wall and enabling com-
pression at pressing pressures as low as 1  MPa [100]. 
The deformation behaviour of NaClO2 treated PF resin-
impregnated timber was further studied by Shams et al. 
[100]. The treatment reduced both the thickness swell-
ing and water absorption of the timber compared to the 
untreated specimens. It was found that NaClO2 treat-
ment in conjunction with low molecular weight PF resin 
enabled densified timber to exhibit high dimensional 
stability due to the bulk product forming after curing 
of the resin. Various other chemicals were used to treat 
SR as well. Song et  al. used a chemical treatment of 
sodium hydroxide and sodium sulphite to manufacture 
compressed timber [94]. Exposure to 95% RH for 128 h 
resulted in the treated and densified timber to recover 
approximately 0.9% of the CR. In addition, surface paint-
ing of the densified timber formed a protective barrier for 
the timber. After exposure to 95% RH for 128 h, no thick-
ness swelling was seen in the painted specimens. Another 
research explored the use of water repellents, such as 
paraffin, linseed oil, and styrene. Pelit and Emiroglu 
investigated the effects of these water repellents on the 
hygroscopicity and dimensional stability of fir and aspen 
[101, 102]. The results showed that SR and SB generally 
reduced with the use of impregnation pre-treatments, 
and better results were seen with the use of linseed oil 
treatments as opposed to paraffin.

With the development of nanotechnology, nano par-
ticles are now used as resins to impregnate timber and 
improve physical and mechanical properties of tim-
ber. Rassam et  al. investigated the effect of nano-silver 
impregnation on the properties of compressed low den-
sity timber species [103]. It was concluded that nano sil-
ver treated specimens that were compressed at 150  °C 
for 4 h achieved only 0.04% SB. One reason for the sig-
nificant decrease in SB is the viscose deformation of tim-
ber becoming larger than the elastic deformation after a 
certain compression time. In this case, a press duration 
of 4  h resulted in greater reduction than a press dura-
tion of 1 h. It was inferred that silver ions block the chain 
movements of the timber by linking to the hydroxyl 
groups in timber and minimise the SB of the densified 
timber. Another research involved the densification of 
nano-aluminium-oxide impregnated timber [104]. It was 
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found that instantaneous SB and SR decreased with the 
use of nano-aluminium-oxide impregnation combined 
with vapour pre-treatment, and longer vapour pre-treat-
ment times resulted in an improvement on SB and SR 
percentages.

Summary on the properties of densified timber
The properties of densified timber are affected by differ-
ent internal and external factors, such as the species of 
the timber, initial density, CR, pressing temperature, and 
use of pre-treatment chemicals. General improvements 
on densified timber include the increase in MOE, MOR, 
hardness and abrasion resistance, as well as bending 
and shear strengths. Manufacturing parameters, such as 
pressing temperature and CR tend to have a larger effect 
on MOE and MOR, requiring a minimum of 15% CR at 
100  °C pressing temperature to achieve positive results. 
In addition, thermal pre-treatments are heavily reliant on 
the temperature due to the risk of thermal degradation 
and cell wall fracturing at higher temperatures. The use 
of VTC and THM densification resolves this risk, since 
no cell wall fractures are seen after densification due to 
the compression at or above the Tg. This indicates the 
importance of the manufacturing parameters in connec-
tion with the properties of densified timber. THM den-
sification also produce improvements on density, shear 
strength, and MOE over the earlier forms of densification 
processes.

Usage of suitable chemicals at an appropriate pro-
portion also tend to improve the strength properties in 
conjunction with densification. The chemicals act as a 
plasticiser that alters the interactive forces of timber con-
stituents. Resin concentrations tend to lower the pressure 
required to collapse the cell wall of the timber. This ena-
bles the use of lower pressures with increasing resin con-
centrations [92]. Despite the use of lower pressures and 
temperatures, chemical treatment of the timber enables 
a higher CR due to the partial removal of lignin and cel-
lulose, and thus creating a stronger densified timber [94].

Previous research on densified timber mainly addressed 
the issue of dimensional stability and the occurrence of 
SR. Dimensional stability is mainly affected by the type 
of process used to densify the timber and is predomi-
nantly fixed by decreasing the hygroscopicity of timber, 
formation of cross-linkages in the molecules, and the 
release of stress accumulated during compression. The 
development of the aforementioned processes revolves 
around these mechanisms to set the timber in its com-
pressed state. Early work on densified timber required an 
optimum combination of MC, temperature, and pressing 
time to decrease the recovery of the timber from com-
pression. Advancements on densification methods and 
the use of chemicals improved the SR and SB of densified 

timber due to the sufficient plasticisation of timber in 
THM, VTC, and chemical methods, and the facilitation 
of complete compression of the cell lumens of the tim-
ber. Pre-treatment and post-treatment of timber through 
different means also affected the dimensional stability of 
densified timber.

There is a lack of research in the serviceability aspect 
of densified timber; therefore, research on the acoustic 
properties, thermal properties, vibration performance, 
stress–strain behaviour, and durability of the densified 
timber is recommended. Furthermore, evaluation of dif-
ferent relationships between the material properties can 
be done to create a generalised model predicting the 
various properties of densified timber. A relationship 
between the virgin material and the densified mate-
rial must be established to successfully create a material 
model that can accurately predict the material character-
istics of densified timber. This can lead to a more accu-
rate prediction of densified timber properties.

Applications of densified timber
Adhesive free engineered wood products
Engineered wood products (EWPs) are being adopted as 
an alternative to steel and concrete due to their increased 
mechanical properties and environmental benefits. How-
ever, most of the EWPs use chemicals, such as adhesives 
to bond the timber laminates to their specified orienta-
tion. Guan et al. proposed an alternative, called Adhesive 
Free Engineered Wood Products (AFEWPs) that involves 
the use of compressed timber [105]. AFEWP laminated 
timber beams were manufactured using compressed 
timber dowels to hold the laminates together. The mois-
ture dependent swelling and SB of the compressed tim-
ber dowels were utilised to ensure a tight fit. El-Houjeyri 
et  al. characterised the use of compressed timber dow-
els in adhesive free laminated timber (AFLT) beams 
and found that the mechanical performance (MOE and 
MOR) of the compressed timber in three-point bending 
tests was improved by a factor of 2 compared to uncom-
pressed timber [106].

Higher energy dissipation was also seen in the com-
pressed timber. Bending and shear strength were com-
parable to the control specimens, and the failure mode 
was ductile due to the progressive deformation of the 
compressed dowels. Further work on AFLTs was done 
by Sotayo et al. and comparable results were seen [107]. 
Ductile failure was observed due to the slip characteris-
tics of the fasteners during deformation. However, flex-
ural modulus and flexural strength were significantly 
lower than Glulam. The number and size of the com-
pressed timber dowels affected the flexural modulus of 
the AFLT beam. In addition, adhesive free cross-lam-
inated timber (AFCLTs) was manufactured by Sotayo 
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et  al. [107]. Using a staggered dowel arrangement, 
three layers of laminates were combined to form a CLT 
arrangement. Results show that the AFCLT panels were 
inferior to their counterparts in terms of flexural modu-
lus and flexural strength. One advantage is the ductility 
of the connections, as a result of the deformation of the 
compressed dowel around the embedment. Feng and 
Chiang examined the mechanical strength of CLTs made 
with densified timber [108]. Bending strength and stiff-
ness of the CLT improved with the use of densified tim-
ber, with an increase of MOE and MOR by 21.3% and 
13.4%, respectively. Furthermore, failure of densified CLT 
panels were mainly due to adhesive failure that propa-
gated that led to splitting of the specimen in half. Simi-
lar work on the use of densified timber was conducted by 
Salca et  al., wherein a densified plywood was manufac-
tured and tested [109]. Results showed that MOE, bend-
ing strength and shear strength increased as well as the 
bonding quality of the adhesives between panels.

Timber connections
Several researchers have attempted to utilise densified 
timber as conventional connections in structures. Jung 
et  al. investigated the structural performance of com-
pressed timber as a shear dowel [110]. Results indicated 
that the double shear strength of the timber connection 
increased, including its load-carrying capacity. However, 
the increase in strength is offset by the decrease in duc-
tility, requiring the base member to be designed appro-
priately to suit the properties of the compressed dowel. 
Further research on dowels involved the use of com-
pressed wooden plates in a beam–beam moment con-
nection [111]. In comparison to their steel counterparts, 
the tests showed similar failure modes in the system, 
demonstrating brittle failure. Densified dowels have also 
been used as a swelling connection in timber joints [112]. 
The research utilised the SR capacity of the densified tim-
ber and tailored it to a double shear lap joint. Due to the 
higher swelling pressure of the densified dowel, a higher 
joint stiffness and ultimate load were obtained. However, 
failure was obtained through the breakage of the con-
necting elements. A novel connection involving com-
pressed wooden nails was developed by Riggio et al. With 
the increase in compression resistance of the timber, suc-
cess was found in the installation of wooden nails into 
boards. However, the strength properties of the wooden 
nails were still inferior to steel nails, and offer only a 
weight advantage, recyclability, and corrosion resistance 
when compared to steel nails [113]. Densified nails were 
seen to be only applicable to moderately loaded elements, 
such as ancillary timber components.

Future use of densified timber
Ecological building material
The growing need for sustainable and environmentally 
friendly options for building materials has led research-
ers to explore the use of timber, a renewable and versatile 
raw material capable of both structural and design-based 
applications. EWPs such as CLTs, Glulam, and LVL have 
been produced to enhance the properties of timber, such 
as its dimensional stability, durability, mechanical prop-
erties; and it enables the production of larger and more 
complex structural materials. While these EWPs were 
introduced as alternatives to concrete and steel, mainly 
as a more sustainable building material, these materials 
are typically made using adhesives or metal fasteners. 
Due to these modifications and the toxic and the irri-
tating nature of the adhesives used in these materials, 
adverse effects on the sustainability and the environmen-
tal impact of the EWPs are noted. This causes both health 
and environmental concerns on the use of these EWPs. 
Densified timber has the potential to address these issues 
as this material possesses both improved mechanical 
properties and low environmental impact as the modi-
fication only occurs through the use of the timber itself. 
However, this potential is not yet realised as research has 
barely scratched the surface on the different aspects of 
densification. Research on densified timber must empha-
sise on the mechanical aspect of the EWP, particularly 
the bending, compression, and tension behaviour of 
the timber for practical purposes. Process optimisation, 
industrialisation, and standardisation go hand in hand 
and must be investigated to develop the appropriate 
product properties and reduce the environmental impact 
and energy usage of the densification processes. It should 
be noted that one of the main purpose of densification is 
to develop an alternative to high strength timber. This, 
however, must not be reached at the expense of envi-
ronmental sustainability. Therefore, further studies must 
be done in the pursuit of eco-friendly alternatives to the 
densification methods, including process optimisation, 
product optimisation, and investigation of the mechani-
cal behaviour of densified timber.

Potential for circular economy
One of the environmental concepts that can lead the 
world into a more sustainable future is the use of circu-
lar economy to maximise the utilisation of resources. 
Circular economy enables the productive use of natural 
resources, avoids waste and pollution, and improves the 
recovery of materials in a system. Due to the nature of 
the manufacturing of densified timber, the potential of 
the material for use in a circular economy is high. With 
the exception of chemically impregnated densified tim-
ber, other types of densified timber are greener products 
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in terms of sustainable production, use, and end of life. 
Densified timber can be reused and repurposed into new 
products due to the unaltered nature of the material. The 
use of densified timber essentially enables a cradle-to-
cradle sustainability model rather than a linear or cradle 
to grave approach.

Recyclability
An unexplored area is the use of recovered timber as 
potential specimens for densification. Provided that the 
structural strength and the composition of the timber 
has not degraded through use and time, there is a pos-
sibility that recovered timber can be used for manufac-
turing densified timber, giving the material a new lease 
of life and implementing it into the built environment. 
The difficulty with this concept is the traceability of the 
materials after being built into the structure. Estimat-
ing the strength and decay of the used timber materials 
at the end of their design, due to the applied load and 
environmental effects will be the main challenge for this. 
Another important aspect is the selection of the most 
appropriate densification method to reuse these materi-
als. In addition, there is currently no standard practice on 
the reuse of building materials. Further research must be 
done on the viability of recovered timber as a raw mate-
rial for densified timber.

Conclusions
In this paper, the development and background of timber 
densification, including the different methods, effects, 
applications, and the future of the material were compre-
hensively reviewed and critically discussed.

Key points of timber densification are:

•	 Densified timber is manufactured by mechanical or 
chemical means, essentially through the removal of 
voids in the cellular structure of the timber.

•	 The properties, such as dimensional stability and 
mechanical strength of densified timber are depend-
ent upon the parameters used during the process. In 
addition, different effects are also seen for various 
densification processes.

•	 Improvements on both MOE and MOR of the densi-
fied timber up to 200–300% are possible in compari-
son to virgin timber.

While several aspects of densification are known, the 
influence of densification on the mechanical behav-
iour of timber, process optimisation, industrialisation, 
and standardisation of densified timber are still to be 
researched and developed. Outcomes for the proper-
ties of densified timber are still unpredictable with 
large variations seen in the results of different studies. 

Densification is still in its infancy and development of 
this process requires an analysis of the different mechani-
cal responses of densified timber, and the analysis of the 
manufacturing process as a whole, including sawmilling.
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