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Abstract 

Methods available for the determination of wood moisture content (MC) with computed 
tomography (CT) require two CT images, one at the unknown MC and another one at 
a known reference MC, usually at oven-dry (OD) conditions. The two scans are 
compared, and the MC is calculated based on the differences in density. Determining 
MC in local regions within the wood volume is of great interest in both research and 
industrial applications, but a difficulty is that wood shrinkage must be considered during 
the data processing. The anisotropy of wood shrinkage creates an obstacle because the 
shrinkage is not uniform in the cross section. The techniques for MC measurement with 
CT currently available are thus limited in that they cannot measure the MC in local 
regions in real time.  

The objective of the research presented in this thesis was to develop a method for the 
pixel-wise measurement of MC in wood based on CT data and to evaluate the 
possibility of making such measurements in real time. The work explores three different 
approaches to estimate the local MC from CT images in situ. The first method requires 
the determination of a shrinkage coefficient for each pixel using digital image correlation 
(DIC) between the CT image of moist wood and that of the OD wood, to incorporate 
into the MC calculation. The method involves several steps in different pieces of 
software, making it time-consuming and creating many sources of possible error. An 
alternative technique to determine the shrinkage is being developed so that the entire 
process may be implemented in a single piece of software. It has been shown that it is 
possible to calculate the MC by this method with a root mean square error of prediction 
of 1.4 percentage points for MC between 6 and 25%. 

Instead of calculating the shrinkage in the radial and tangential directions through DIC, 
the second approach calculates the shrinkage using the displacement information 
generated from the spatial alignment of the CT images. Results show that the algorithm 
provides consistent data for the MC distribution at the pixel level that enables continuing 
research into wood drying processes with a higher accuracy in the MC determination. It 
is an improvement over the first method because the calculation is fast and highly 
automatized in a single piece of software. 

The third approach was to apply dual-energy CT (DECT), which would provide a 
means of calculating the MC at the pixel level and potentially in real time, in what 
would be an important breakthrough in wood drying research. Previous publications 
show theoretical inconsistencies, and the results differ greatly. In medical CT, DECT has 
shown poor predicting ability, and further research is encouraged. 

The work described in this thesis shows that it is possible to measure the local 
distribution of moisture in wood using CT with accuracy and precision, and that an 
advanced analysis of the MC distribution is possible. It also shows that there may be a 
potential to estimate the MC in real time. 
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Sammanfattning 

Idag tillgängliga metoder för bestämning av träets fuktkvot som kan utföras med 
datortomografi (CT) kräver två röntgenbilder av en träbit: en vid den okända fuktkvoten 
och en vid en känd fuktkvot som användas som referens, vanligtvis är det helt torrt. De 
två CT-bilderna jämförs och fuktkvoten beräknas baserat på skillnad i densitet mellan det 
torra och det fuktiga träet, vilket kan utläsas ur bilderna. Att bestämma fuktkvoten i ett 
litet lokalt område inom ett virkesstycke är av stort intresse för forskningen, men även för 
industriella tillämpningar. Träets krympningsanisotropi är problematisk då krympningen 
inte är likformig i det skannade trästyckets tvärsnitt. Dagens CT-teknik och analysen av 
skanningsdata är alltså begränsade för att mäta fuktkvoten lokalt och i realtid i en träbit.  

Syftet med den forskning som presenteras i denna doktorsavhandling var att utveckla en 
metod för detaljerad lokal mätning av fuktkvoten i trä baserat på CT-data, och att 
utvärdera möjligheten att göra sådana mätningar i realtid. I avhandlingen beskrivs tre 
olika tillvägagångssätt för att uppskatta lokal fuktkvot i trä baserat på CT-bilder. Det 
första tillvägagångssättet krävs krympningskoefficienten för varje pixel i CT-bilden som 
kan inkluderas i fuktkvotsberäkningen, genom att använda digital bildkorrelation (DIC) 
mellan CT-bilderna för fuktigt trä respektive helt torrt trä. Metoden inkluderar flera steg 
i olika beräkningsprogram, vilket gör den tidskrävande och att källor till fel är lätt att 
bygga in. I avhandlingsarbetet utvecklades en alternativ teknik för att bestämma 
krympningskoefficienten så att hela beräkningsprocessen kan utföras i en enda 
programvara. Med denna mer rationella metod går det att beräkna fuktkvoten med 
tillräcklig noggrannhet, dvs. med ett genomsnittligt (root mean square error) fuktkvotsfel 
på 1,4 procentenheter för fuktkvot mellan 6 och 25 %. 

I det andra tillvägagångssättet, istället för att beräkna krympningskoefficienterna i den 
radiella respektive tangentiella riktningen med hjälp av DIC, så används den information 
om träets krympning som går att utläsa direkt från CT-bilderna. Resultatet visar att den 
beräkningsalgoritm som metoden inkluderar tillhandahåller repeterbara data för 
fuktkvotsfördelningen på pixelnivå i ett virkestvärsnitt. Denna nya metod innebär att 
framtida forskning inom t.ex. området trätorkning kan utföras med högre noggrannhet 
vad avser bestämningen av lokal fuktkvot i trä. Detta är genombrott jämfört befintliga 
metoder eftersom beräkningen kan genomföras betydligt snabbare och dessutom helt 
automatiserad med den programvara som tagits fram. 

Det tredje tillvägagångssättet belyser möjligheterna att använda dubbelenergi-CT 
(DECT) för fuktkvotsmätning. DECT skulle kunna öppna nya möjligheter att mäta lokal 
fuktkvot på pixelnivån i realtid, vilket skulle betyda ett viktigt genombrott inom 
träforskningen med stora möjligheter till industriella applikationer. Tidigare 
forskningsresultat visar dock på teoretiska inkonsekvenser, och resultaten skiljer sig 
betydligt. DECT inte kan används för detaljerad lokal mätning av fuktkvoten i trä med 
medicinsk-CT. 

Arbetet som redovisas i denna avhandling visar att det är möjligt att med god 
noggrannhet och precision mäta lokal fuktkvotsfördelning i trä med hjälp av CT, vilket 
möjliggör avancerad analys av fuktkvotsfördelningen i trä och förmodligen också i andra 
biologiska material. Vad gäller möjligheten till detaljerad lokal mätning av fuktkvoten i 
real-tid, återstår ännu flera forskningsfrågor att besvara. 
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Resumo 

Os métodos actualmente dispoñibles para determinar o contido de humidade (MC) da 
madeira por medio de tomografía computerizada (CT) requiren de dúas imaxes CT: 
unha da madeira co MC a determinar e outra da madeira a un MC coñecido que se 
utilizará como referencia, normalmente en estado totalmente seco. As dúas imaxes son 
comparadas e o MC é calculado en base ás diferenzas en densidade. Determinar o MC en 
pequenas fraccións do volume da madeira é de gran interese tanto en investigación como 
a nivel industrial, pero os métodos dispoñibles teñen a desvantaxe de que a mingua da 
madeira ten que ser tida en conta durante o procesado das imaxes. A anisotropía da 
mingua supón un obstáculo, xa que o seu valor non é homoxéneo na sección. Existen, 
polo tanto, limitacións no que se refire á medida do MC en pequenas zonas e na 
medición do MC en tempo real.  

O obxectivo desta tese é o desenvolvemento dun método para estimar o MC da madeira 
en cada píxel a partir de datos CT e avaliar a posibilidade de facelo en tempo real. Esta 
tese explora ata tres enfoques diferentes para estimar o MC da madeira in situ a partir de 
imaxes CT. O primeiro dos enfoques parte da determinación dun coeficiente de mingua 
en cada píxel para que poida ser incorporado nos cálculos de MC e isto obtense usando 
correlación dixital de imaxes (DIC) entre as imaxes de CT da madeira húmida e da 
madeira totalmente seca. O método estudado confórmase de varios pasos en diferentes 
programas que o fan laborioso e susceptible de que se produzan erros. Unha técnica 
alternativa para determinar a mingua é estudada tamén nesta tese coa intención de poder 
incorporar todos os cálculos nun único programa. Demóstrase que é posible calcular o 
MC por este método cunha raíz de erro cuadrático medio de 1.4 puntos porcentuais de 
MC no rango de MC entre 6 e 25 %. 

O segundo enfoque baséase nun cálculo diferente do coeficiente de mingua: en troques 
de calcular a mingua nas direccións radial e tanxencial, calcúlase usando a información do 
desprazamento xerada polo aliñamento espacial das imaxes de CT. Os resultados mostran 
que o algoritmo proporciona datos de distribución de MC a nivel do píxel que permiten 
continuar investigando procesos de secado da madeira cunha mellora en precisión no 
cálculo do MC. Isto representa unha simplificación respecto ao primeiro método, porque 
o cálculo é máis rápido e altamente automatizado nun único programa informático.

O terceiro enfoque estuda a aplicación de CT de dobre enerxía (DECT), que podería 
permitir o cálculo do MC a nivel de píxel e potencialmente en tempo real, o cal sería un 
importante avance no campo do secado da madeira. Publicacións anteriores mostran 
inconsistencias teóricas e diferentes resultados. Esta técnica aplicada en CT médica mostra 
unha baixa capacidade de predición e precísase máis investigación. 

O traballo feito nesta tese proba que é posible medir con precisión a distribución de MC 
en fraccións do volume da madeira usando CT, o que permite facer unha completa 
análise da distribución do MC. Tamén se mostra que pode chegar a ser posible unha 
análise en tempo real. 
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1 Introduction 

In the green state, wood contains free liquid water (capillary water) and water molecules 
chemically bonded to the cell walls (bound water). The ratio of the mass of water to the 
mass of wood substance gives the dry basis moisture content (MC), a parameter that has 
great influence on nearly all wood properties. When exposed to air, the green wood 
starts to lose water, starting with the capillary water (free water), which is displaced 
within the wood by capillary transport towards the evaporation front. Once the capillary 
water is gone in a given region, it is said that the wood has reached the fibre saturation 
point (FSP). At FSP, the water bound to the cell wall starts to evaporate and it is 
transported through the wood material in the vapour form by diffusion. As bound water 
evaporates, the wood material shrinks, i.e. its dimensions decrease. The shrinkage is 
different in magnitude in the three main anatomical directions in wood: radial, tangential 
and longitudinal (Figure 1).  

Figure 1: The three main directions in wood. Illustration by Margot Sehlstedt-Persson 

Wood is a hygroscopic material, which means that below FSP its MC depends on the 
temperature of the surroundings and on the relative humidity of the air. The wood 
strives to reach an equilibrium moisture content (EMC) which depends largely on the 
ambient relative humidity. The time necessary to reach the equilibrium moisture content 
depends on the dimensions of the piece of wood, but the surface of the wood rapidly 
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reaches the equilibrium level. Throughout this thesis, the concept of oven-dry (OD) 
conditions will be used, which refers to a piece of wood that has been dried in a 
laboratory oven until it contains no water. 

In Sweden, about 35 million m3 of logs are sawn each year into boards, which need to 
be dried to remove excess water that the wood contains. Drying is one of the most 
important processes in sawmills and requires both large investments and a high level of 
expertise of the staff responsible for the drying if a certain level of quality is to be 
reached. The drying process is also extremely energy-demanding. The total amount of 
energy that is consumed annually by Sweden's sawmills is about 3.4 TWh, which 
corresponds to about half the annual energy production at any of the nuclear power 
reactors still active in Sweden. An efficient drying process is thus of utter importance for 
the sawmill economy, the quality of the end product and the environment. 

This thesis deals with the study and application of methods for measuring MC in local 
regions of sawn timber using a medical computed tomography (CT) scanner, the 
objective being to increase knowledge regarding methodologies based on CT for use in 
research and potentially in industrial applications. A CT scanner provides CT images, 
which are greyscale raster images, thus formed by pixels. A pixel is a two-dimensional 
entity with a greyscale value known as a CT number that, for wood, shows a strong 
correlation with density. This means that a CT scanner does not measure the MC 
directly, but it provides density values that can be further processed to calculate MC. 
The CT number of the pixel is the average of a three-dimensional entity known as a 
voxel, which corresponds to the dimensions of the pixel and the depth (thickness) of the 
scanning beam. In this thesis, the pixel size used was in the range of 0.3 x 0.3 mm to 1 x 
1 mm and the scanning depth from 5 to 10 mm, depending on the experimental 
conditions. Using CT to measure MC in wood could make it possible to monitor the 
level of moisture during the drying of timber, which is an advance in wood research for 
basic studies of moisture flow in capillary and diffusion regimes with a great potential for 
the development of drying processes at the industrial level. A method of measuring MC 
for use in industrial CT scanners for logs or sawn-timber scanning could also increase the 
possibility of improving the process control in sawmilling. The procedures described in 
this thesis are based mainly on calculations made at the pixel level. 

The studies have been focused on Norway spruce and Scots pine, the most common 
species in Sweden, which are also the basis of the sawmill industry, but studies have also 
focused on two hardwoods: brittle willow and shining gum eucalypt. Compared to the 
great variability amongst trees and wood species, Scots pine and Norway spruce are quite 
similar to each other, allowing the use of several highly mechanized industrial facilities 
that process both. Nevertheless, differences exist, especially regarding the drying process. 
Eucalypt and willow, on the other hand, are very different. Eucalypt species are widely 
used in extensive plantations in southern Europe, South America, Asia and some parts of 
Africa. They are of great economic importance, especially for the pulp and paper 
industry, but interest in them as raw material for sawmilling is increasing. In the work 
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described in this thesis, the drying of eucalypt was studied. The use of eucalypt is often 
at the centre of controversies. Álvarez, Bañares, Díaz and Vilà (2017) show that there is a 
scientific basis for classifying eucalypt as an invasive species in Spain, but the institutions 
with the legal responsibility refuse to declare them as invasive. Brittle willow is not an 
important commercial wood species in Europe, where its use is minor and is reduced to 
handcrafted objects, tool handles, and such. It is not of interest for the sawmill industry, 
but it was an available option of a very low density species needed in this thesis work. 

2 Problem description 

2.1 Vision 

The level of moisture in newly sawn timber is high and the moisture is rarely 
homogeneously distributed. The goal of wood drying is, however, to reach a low and 
evenly distributed moisture level in the sawn timber after drying, and there is an interest 
in knowing the MC of local regions (mm-scale) so that internal MC gradients can be 
studied for the optimization of the drying process. This work was driven by the vision 
that it should be possible to accurately monitor the MC of a piece of sawn timber in 
each pixel of a CT image of the timber cross section, on a microscopic scale, solely aided 
by CT, and in real time. It should then be possible to implement such a technique in a 
method that would make it possible to directly observe the moisture flow behaviour in 
both the capillary and diffusion regimes of drying. In other words, it should be possible, 
using medical CT, to measure the MC in wood at the voxel level and in real time. 

The availability of such information will drive the development of models that will 
increase the knowledge of capillary and hygroscopic phenomena in wood. Industrial 
processes and the use of wood and wood-related materials in general will benefit if more 
knowledge of wood-water relations is available. 

2.2 Knowledge gap 

There are two key problems hindering the vision: it is not possible to accurately measure 
MC at the pixel level, and it is not possible to measure the MC in real time using CT. 
The fact that the techniques developed so far rely on scanning a piece of wood under 
OD conditions connects these problems. On the one hand, the measurement cannot be 
made in real time because the calculations must wait for the last OD scan. On the other 
hand, wood shrinks below FSP, and it does so anisotropically. The OD scan is made at 
the stage of maximum shrinkage (thus maximum deformation, as shown in Figure 2), 
and the pixel-wise comparison of CT images from the different scans cannot be made 
directly because a pixel at a given location does not show the same wood region in both 
pictures. Image processing and geometrical transformations are thus necessary. 
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Figure 2: CT image of the same wood specimen at FSP (left) and in the oven-dry state (right). 
The pixel size is 0.25 x 0.25 mm, and voxel depth is 5 mm 

Due to the anisotropic deformation shown in Figure 2, the regions of the two images to 
be compared will not have pixel-by-pixel correspondence (Figure 3). One of the images 
must be edited so that the shape of the wood piece matches the shape of the wood piece 
in the other image. This has already been solved in image analysis, and a well-known 
process called image registration can be implemented on image-processing algorithms. 
Nevertheless, image registration modifies pixel values and eliminates or introduces new 
pixels with values that are deduced by averaging calculations. This is a source of 
considerable inaccuracy in the image-transformation process. The pixel values (the 
greyscale values representing the density of the wood) of the transformed image do not 
correspond exactly to the wood region represented in the corresponding pixel in the 
other image. The wood regions being compared are not exactly the same, and the 
calculated MC will thus be erroneous. 

Figure 3: Deformation and displacement (exaggerated) relative to the pixel location of the voxel 
represented by one pixel when the wood piece is oven dried and re-scanned 

If the images could be processed to have the same number and distribution of pixels 
representing the wood sample, so that the information in each pixel corresponded to the 
same local region of the sample, a more accurate MC could be obtained for each pixel, 
and a map of the MC distribution could be drawn. This thesis explores two techniques 
to accomplish this using shrinkage and deformation data. 

This thesis also explores a completely different way of measuring MC in wood with CT, 
based on dual-energy X-ray absorptiometry (DXA). In earlier studies, DXA has shown a 



5 

great potential to make possible real-time measurement of MC in wood, not relying on a 
scan at OD conditions, but other studies have reported less promising results in terms of 
accuracy and precision of this method. The benefits of determining MC in real time are 
obvious. It would allow the study of drying processes with greater accuracy and increase 
the versatility of the experimental setups. It would also be of great value in industrial 
applications if it were possible to determine the local MC of sawn timber at different 
stages during the production process in a non-destructive way. Nevertheless, the short 
record on DXA applications for MC measurements has not been proven to be feasible at 
acceptable levels of accuracy and prediction ability. This thesis shows the first 
applications of DXA on a medical CT scanner, discusses the method and points out 
some inconsistencies that must be reviewed in more detailed studies. 

2.3 Aim 

The aim of this project was to study methods for the measurement of MC at the pixel 
level and ideally in real time with the help of medical CT. The work was carried out 
from a basic point of view with the specific objective of testing and developing the 
method. From an applied research point of view, one of the techniques was applied in 
projects and evaluated on the basis of its consistency under given conditions. Even 
though the work was carried out entirely on a laboratory scale, every step was taken 
looking towards potential improvements of drying and conditioning of sawn timber at 
the industrial level. 

2.4 Objectives 

The objective of the work presented in this thesis was to develop a method for the pixel-
wise measurement of MC in wood based on CT data and to evaluate the possibility of 
making such measurements in real time. The objective could thus be separated into two 
main tasks: 

• To refine and establish a method that allows quick and reliable pixel-wise
measurements of MC based on CT data, starting from available methods. The
MC information from such a method needs to be transformable to results that
can provide relevant conclusions that can help promote advances in the wood
industry.

• To explore the possibility of applying DXA in medical CT for real-time
measurements of MC in wood.
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The underlying intention was to study the procedures in terms of simplicity because 
projects that could benefit from such techniques will often require the processing of large 
batches of images, which could otherwise be extremely time-consuming. 

The intention is to provide means for MC measurement at the pixel level through fast, 
practical and reliable CT image-processing algorithms. This work is, to the author’s 
knowledge, pioneering in the in situ study with great reliability of the drying and 
conditioning of sawn timber with CT at the pixel level during diffusion drying, and the 
testing of DXA for measuring MC in wood has been done in a medical CT scanner for 
the first time. 

 

2.5 Research questions 

The work has been driven by the following questions: 

• How can local wood shrinkage coefficients be calculated for each pixel of a CT 
image in relation to another CT image of the same wood region at a different 
MC? 

• How can these shrinkage coefficients be implemented in the image processing 
to achieve accurate calculation of MC at the pixel level? 

• Can pixel-wise measurements of MC be used to study and improve the drying 
and conditioning of sawn timber? 

• Is DXA applicable in medical CT for performing real-time measurement of 
MC at the voxel level? 

 

2.6 Delimitations 

The present work deals with a technology that has not initially been developed to the 
ends which this thesis seeks. CT was developed within the medical field, but it has also 
been used in industrial applications and in wood science, with various research projects 
that have been reported in the literature dealing with MC measurements using different 
techniques. Nevertheless, no unique extended method exists for performing MC 
measurements with CT, much less as a standard. This thesis deals with issues that have 
not been widely studied before and for which examples of applications are very limited 
in the literature. This provides great freedom and awakens scientific curiosity on the one 
hand, but it causes a lack of references and uncertainty on the other hand. 

The initial steps in this thesis deal solely with shrinkage, because it is a parameter that 
must be implemented to measure MC. Pixel-wise shrinkage is, however, difficult to 
compare with a reference. There is no alternative method of directly measuring the 
shrinkage in an area as small as one pixel in a CT image. An experimental setup could be 
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designed so that local regions are somehow delimited in a way that can be seen in the 
scanner, with reference holes, for instance, so that shrinkage in that region could be 
estimated by geometrical calculations. An alternative is to apply DIC using the 
inhomogeneities of the cross section of sawn timber instead of using a random pattern 
painted on the surface. During this work, the shrinkage was evaluated using MC as the 
reference parameter (because of the simplicity of using the gravimetric method for 
comparison) and the average values of shrinkage because this is the first time the 
algorithm has been applied, and references must be reliable. 

DXA, a technique that has never been applied in medical CT has here also been firefly 
explored for the measurement of MC in wood. There is however a considerable 
limitation due to hardware characteristics of the particular medical CT device used. 

The present work is limited as follows: 

• Wood species: the species used in the different experiments were Scots pine 
(Pinus sylvestris L.), Norway spruce (Picea abies (L.) Karst.), brittle willow (Salix 
fragilis L.) and shining gum eucalypt (Eucalyptus nitens Deane & Maiden). Scots 
pine and Norway spruce were chosen for their high availability and obvious 
commercial importance, especially in the Scandinavian countries. They are the 
main wood species used in the Swedish wood industry and because the long-
term goal of this research is the development of the wood industry, they have a 
key importance. Shining gum eucalypt was used because of the extreme 
difficulty in drying it and the high interest in developing its use as a solid wood 
in South America. The use of willow in this work was brief. It was interesting 
because of its characteristics of low density and high raw MC in sapwood. 
 

• CT technology: the experiments were performed in a medical CT scanner, 
which, despite having many advantages over other CT devices such as industrial 
CT and micro- or nano-CT scanners, also has disadvantages. Medical CT has a 
lower resolution than micro- and nano-CT systems, and it has less versatility 
and potentially more proprietary limitations than industrial CT. The particular 
device used for the experiments described in this thesis has its highest resolution 
at 0.1 x 0.1 x 1 mm3 and at such a resolution, the noise and artefacts on the CT 
images can nevertheless interfere greatly with the analysis of the images. Micro- 
and nano-CTs work on the micrometre and nanometre scales, respectively, and 
the image quality they provide is higher than that of the medical CT used here, 
but they require a long scanning time and small specimen size, and their use is 
thus not viable in industrial processes or in research, as the moisture level may 
change during the scanning period. 

It is hoped that this research will contribute to establishing a solid reliable system for the 
measurement of wood MC using CT in the future. The wood industry, wood science 
and specifically wood drying can benefit from more research, because there is of course 
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room for improvement. More basic wood research is also desirable, as much about wood 
anatomy and wood behaviour is unknown, and as technology moves forward, many 
issues established in the past will probably need to be revisited. 

 

3 The story in the appended articles 

MC can be calculated from CT images based on the volumetric and density information 
they provide. This information can be processed to get the mass of the voxel in each 
pixel and thus apply the same rationale as in the gravimetric method. Paper I was an 
initial approach to the use of the medical CT scanner in the LTU facilities in Skellefteå 
to measure MC in wood. After reviewing the methods reported in the literature at that 
time, it was decided to replicate a method developed and explained by Watanabe et al. 
(2012), referred to here as the Watanabe method. This method uses a CT image at a 
given MC and another CT image of the same wood region at 0% MC to calculate the 
MC in each pixel of the former image. Such pixel-scale calculations require a correction 
factor that is different for each pixel based on the deformation the piece of wood 
undergoes from one CT image to the other. Shrinkage is calculated in the vertical and 
horizontal directions of the CT images through digital image correlation (DIC). This 
step is time-consuming and susceptible to experimental error, as it requires several rather 
manual steps in up to three different pieces of software. The Watanabe method was 
performed in a cross section of the specimens, where the MC was determined for each 
pixel, and the values were compared to the gravimetrically determined MC in local 
regions of adjacent sections. The results of the final MC calculations could be considered 
acceptable in most applications, but the method was far from optimal, in terms of both 
results and practicality. 

To improve the process of MC calculation with CT images, the process should be more 
consistent and it should be faster. In either laboratory applications or industrially, it 
would be convenient if the MC could be measured more quickly than in the Watanabe 
method. In Paper II, a variation of an algorithm published by Hansson and Fjellner 
(2013) was explored as a way to optimize the Watanabe method. The greatest problem 
in Paper I was the compensation for the deformation that wood undergoes during drying 
and the calculation of the shrinkage. Paper II focuses on these aspects, and measurement 
of MC was not included. The principle is similar to the Watanabe method, with two 
images of the same wood sample, one of them at 0%. Whereas in Paper I, the algorithm 
determines the shrinkage in the x and y directions, in Paper II it does so in the radial and 
tangential directions. The shrinkage coefficients were estimated with acceptable accuracy 
and, if the MC was to be estimated, these values of shrinkage could be incorporated into 
the calculations as a compensating factor as in Paper I. Even though the MC was not 
included in the paper, the algorithm was first developed by Hansson & Fjellner (2013) to 
calculate MC, and it provided promising results. Another improvement is that the whole 
process is now made in a single piece of software (Matlab by The Mathworks Inc., 2018) 
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in a consistent way, reducing the possibility of errors, accelerating the process and 
ensuring easy revision and replicability. 

Although the method used in Paper II could successfully estimate shrinkage and possibly 
be implemented in the Watanabe method, the decision was made instead to continue to 
use the method described by Hansson and Fjellner (2013) because the Watanabe method 
did not show the potential to surpass the strength and reliability of the former. The focus 
in Paper III was to study the development of the internal MC distribution with special 
attention to the conditioning regime of drying, which, according to the literature, has 
not been studied in depth before and not at all using CT. It is possible to find examples 
where this was done, but the novelty of Paper III was to study accurate measurements of 
MC below FSP during drying and especially during conditioning. A method reported by 
Esping (1988) is fairly widely accepted in the industry, and it was successfully adapted for 
use with CT. Some conclusions were drawn based on input from the industrial partners 
in the project regarding the duration of conditioning, target MC, lumber dimensions and 
heartwood-sapwood proportions. 

In Paper IV, the goal was to apply the method developed in Paper III under extreme 
conditions. MC measurements were attempted while extreme drying deformations were 
taking place. The species studied was Eucalyptus nitens, which, due to collapse, shows 
extreme deformations and, ultimately, severe internal cracking. Unfortunately, Eucalyptus 
nitens undergoes large deformations in the early stages of the drying process, and the 
algorithm could not carry the calculations successfully and the local MC distribution 
could not be studied, so the goals of the project had to be revised. Paper IV presents the 
analyses of the average MC of the entire wood piece and relates it to the different drying 
schedules applied, with the goal of finding characteristics of a drying schedule that would 
minimize the damage, and further evaluating the potential of the CT scanner as a tool in 
hardwood drying. It showed the limitations of the method, and it was the start of a 
longer project to improve the drying of Eucalyptus nitens, made it possible to explore the 
drying of wood species that show anatomical characteristics and behaviour far from that 
used in Sweden. 

Paper V shows a completely different approach to the issue. Although it had proved 
itself useful and to have enough accuracy for most applications, the algorithm used in 
Paper II is not applicable in real-time since the wood piece must be dried completely to 
complete the calculations. In Paper V, a DXA method building on a principle based on 
medical CT was studied. This scanning method is well known in the medical field, but 
the literature shows little application in wood research. Only one article using DXA CT 
scanning on solid wood to estimate pixel-wise MC was found. The procedure makes 
two scans with different scanning energy spectra within a few seconds. This produces 
two images with perfect pixel correspondence (nothing changes in the setup between 
scans) that show a slight difference in their pixel values. The difference between the 
images can be related to the proportions of water, air and wood in the material, and thus 
MC modelling is possible. In Paper V, the method was applied for the first time using a 
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medical CT scanner, and because theoretically it posed doubts, it was unclear whether 
the medical CT scanner could be used for dual-energy MC measurements. Paper V 
shows the results of using DXA in medical CT to measure MC in wood and proves that 
a prediction model could be established depending on wood species. Nevertheless, a 
theoretical discussion showed that large errors obtained make the method misleading and 
unpractical. More research is desirable and this thesis will hopefully present the first steps 
towards the vision that MC data could be obtained in real time through medical CT. 

4 Wood and water

4.1 Water in wood  

Wood is a bio-polymeric material formed by plant cells, with a porous structure and high 
hygroscopicity. These cells are hollow tubes with a circular to rectangular or square cross 
section, arranged in a way that defines the three main anatomical directions. Many wood 
properties are anisotropic in relation to these three directions, and this has a strong 
influence on the properties of wood, its industrial processing and final use. 

Water can be present in wood in three states: liquid water in the lumen of the cells (free, 
capillary water), water molecules chemically bonded to the cell walls (bound water) and 
water vapour in the cell lumen. A piece of wood that has never been dried is referred to 
as green wood. Being a hygroscopic material, wood absorbs and releases water depending 
on the surrounding atmospheric conditions approaching the EMC, which depends 
mainly on the temperature and relative humidity (RH) of the surrounding air. Even 
though the exchange of water molecules between wood and air never stops, the 
absorption and release of water molecules are approximately in balance at the EMC and 
the wood is in equilibrium with the environment. When wood is drying, water is 
released from wood in the form of vapour, whether it is water molecules evaporating 
from liquid water (MC above FSP) or bound molecules that are released (MC below 
FSP). The water molecules are transported by diffusion until they leave the wood.  

The wood-water relationship has strong implications in many aspects, especially if the 
MC is below the FSP: 

• Strength: Free water plays no role in the mechanical properties of wood unless
frozen, but bound water does. Strength decreases with increasing MC below
FSP, at a faster rate in heavy timber. As cell walls lose water molecules, the
mechanical stiffness and strength increase (Siimes, 1967; Skaar, 1988).

• Elasticity: Decreasing MC leads to an increase in the Young’s modulus, and, as
in the case of strength, the change is greater in timber from species with higher
densities (Siimes, 1967).
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• Electric conductivity: the conductivity increases dramatically with increasing 
MC below FSP (Stamm, 1929).

• Dielectric properties: The dielectric permittivity of wood increases with 
increasing MC. It is also anisotropic, being highest in the longitudinal direction 
and lowest in the tangential direction (Daian, Taube, Birnboim, Daian, & 
Shramkov, 2006).

• Dimensional changes: Below FSP, drying causes shrinkage in wood, while 
moistening causes swelling. The water molecules linked to the cell walls actually 
take up physical space, and this leads to swelling when they bond to the cell wall 
constituents and shrinkage when they are released. Depending on the wood 
species, this dimensional change can be large and create problems in almost all 
types of wood applications. These dimensional changes occur anisotropically in 
the radial, tangential and longitudinal directions.

• Decay: As a biological material, wood is susceptible to micro-biological decay. 
Above a certain MC level, wood risks becoming a suitable habitat for fungi that 
start degrading the material, which can eventually result in total decomposition, 
and the quality of a wood product is lowered as soon as the process starts. To 
prevent this from happening, wood must be dried as soon as possible after the 
tree has been felled. Wood can also be attacked by insects or marine bores.

• Quality: It is clear that the quality of a wood product depends to a great extent 
on its MC. The MC should match the climate and conditions in which the 
product is intended to be used. Anisotropic shrinkage and swelling may lead to 
distortion and cracking of wood products, and the drying process is of great 
importance for the reduction of such problems. Elasticity, plasticity and creep 
properties of wood increase with temperature, leading to the release of stresses 
that otherwise could lead to defects during drying.

• Industrial aspects: Drying of sawn timber reduces the weight of the timber 
volume being transported. A freshly cut piece of wood may contain more than 
twice as much water by weight as the actual wood material, showing then a MC 
above 200%. If sawn timber is left to air dry outdoors at the sawmill, the 
uncontrolled drying process may take months to complete, with the risk of 
defects such as cracks and deformations occurring and, in Sweden, it would not 
be possible to dry below about 16% MC. The risk of mould and blue stain 
attack is also significant. To minimize the company’s bound capital and increase 
profitability, wood must be artificially dried in a controlled process that takes 
only few days. Although there are exceptions, further processing such as
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glueing, planing, coating and impregnation are normally performed on 
dried wood. 

There are three main components in wood: cellulose, hemicellulose and lignin; together 
with other minor components known as extractives. Wood substance consists of 
cellulose chains arranged in long structures called microfibrils, which are successions of 
crystalline and amorphous regions, embedded in a matrix of lignin and hemicelluloses in 
different proportions. Those three main components have hydroxyl groups that can 
participate in hydrogen bonds with water molecules, which is the way in which water is 
absorbed and linked to the wood substance. For a hydrogen bond to be formed between 
a water molecule and one of the wood components, a hydroxyl group needs to be 
accessible. The presence of accessible hydroxyl groups is limited to the amorphous and 
superficial regions of crystalline formations. The hydroxyl groups inside crystalline 
regions are not accessible and are often involved in cross linking. As a result, water 
molecules bond mainly to lignin, hemicellulose and amorphous regions of cellulose 
(Dinwoodie, 1989). Wood exchanges water molecules with the environment 
approaching the EMC that depends on the temperature (T) and RH of the environment. 
The release and absorption of water below FSP can be a very slow process if the 
temperature of the surrounding environment is low and especially when the MC 
approaches EMC, as diffusion is essentially a gradient-driven process. Except in 
controlled laboratory tests, atmospheric conditions are rarely stable for long periods of 
time, and the MC of wood therefore varies continuously in practice, which means that 
the EMC is a theoretical concept more than a specific MC level. In the laboratory, a 
completely stable climate and a stable MC under equilibrium conditions can be reached, 
but at EMC, there is a dynamic equilibrium with a continuous exchange of water 
molecules with the environment.  

The relationship between EMC and RH is often shown for a given temperature through 
a graph known as a sorption isotherm (Figure 4), which often also shows a hysteresis in 
the process. In the indoor use of wood in products such as furniture, panelling, flooring, 
the MC may drop below 5% in regions of the world with a extreme winter climate 
where the indoor environment reaches a very low RH. On the other hand, outdoor uses 
such as façade panelling, windows, fences, and naval elements may require wood to 
withstand EMC conditions well above 20%, occasionally, for long periods of time. To 
overcome such conditions, wood may be treated or modified in different ways. Coating 
creates a physical barrier to the penetration of water, with the drawback that if moisture 
does reach the wood, it will take a long time to dry out, and decay processes may begin. 
Other approaches involve the use of chemical modification to eliminate hydroxyl groups 
in the wood or make them unavailable by attaching a molecule other than water. 
Another method is thermal modification. Thermal modification is usually performed 
after drying, sometimes within the same process and in the same facilities. There are 
several types of thermal modification (Navi & Sandberg, 2012), but the processes have in 
common that they involve temperatures between 150 and 260°C for times ranging from 
a few minutes to several hours, and at least a reduction of oxygen in the process so that 
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thermal degradation of the material is reduced and combustion is avoided. The goal is to 
achieve greater dimensional stability and resistance to biological degradation, but thermal 
modification leads to the degradation of certain components of the wood substance, 
hemicellulose, where most of the hydroxyl groups are situated, being one of the first 
components to be degraded. Wood modification leads to wood with fewer hydroxyl 
groups and, thus, lower EMC at a given temperature and RH than untreated wood. 
Another consideration is that untreated wood may be wetted, and MC may reach values 
well above 20%. This is not a problem as long as the wood can dry easily, as is the case 
of façade elements in appropriate locations, given they are exposed to wind and sun. 
These aspects of the final use of the product must be considered when planning drying 
processes so that the wood is dried to a suitable MC. 

Figure 4: Hysteresis in the sorption isotherms of wood  

Other than in vapour form, water can be present in wood as bound water in the cell 
walls or as free liquid water in the cell lumens. The chemical bond between two water 
molecules in liquid water, for example, is a hydrogen bond, which is also the kind of 
bond that links a water molecule to the hydroxyl groups in wood. This bond has a 
binding energy of around 25 kJ/mol, whereas the hydrogen bond between two water 
molecules has a binding energy of 0.15 kJ/mol (Fengel & Wegener, 1984). The 
difference in binding energies means that, during the drying of wood, free water is the 



14 

first to evaporate because the bond does not require as much energy to be broken as a 
water-wood bond (Wangaard, 1981).  

The formation of new cells in a living tree takes place in a region beneath the bark called 
the vascular cambium, and it occurs in an aqueous environment, like all biological 
materials. The new-born cells become biologically dead after a short period within the 
same growth season. Most of these cells become part of the tree’s water transportation 
system in the sapwood of the xylem, but a small proportion grow outwards and form the 
phloem, the nutrient transportation tissue of the tree. Many cells have functions different 
from water transport. The proportion and variety of different cell types are species-
dependent, with clear differences between softwoods, with few different types of cells, 
and hardwoods, with a greater variation.  

With the exception of a few wood species, the cross-section of a mature living tree 
presents two different areas, heartwood and sapwood, often distinguishable with the 
naked eye (Figure 5). Sapwood is the outer part of the cross section of the stem, which, 
besides all the biologically dead cells dedicated to water transport and structural support, 
still contains a small amount of living cells with specific biological functions such as 
nutrient storage and defence. The main function of sapwood is water transport from the 
roots to the leaves/needles of the tree, where photosynthesis take place. Sapwood cells 
are thus saturated with water, and there is a large amount of free water in the lumen of 
the cells. At some point during the lifetime of the tree, some of the sapwood cells closer 
to the pith stop transporting water and gradually transform into heartwood. For most 
pine species, this happens at around 40 years, whereas in the Eucalyptus genus, the 
process may begin after five years (Pallardy, 2008). During the transformation from 
sapwood to heartwood, the living cells of sapwood die and cease to fulfil their biological 
role. The reason some old trees can live for decades with hollow stems is that heartwood 
has no other function than structural support of the tree. As long as there is enough 
structural support by the outer part of the stem and the sapwood, the phloem and bark 
continue fulfil their functions that allow roots and leaves to keep the photosynthesis 
process running, and the tree can survive without the heartwood. 

In a living tree, both sapwood and heartwood are fully saturated with bound water, and 
all the potentially accessible hydroxyl groups in the wood components are bonded to 
water molecules. In sapwood, the cell lumina are also saturated with free water but 
heartwood cells contain almost no free water. In practice, this is also considered to be 
true for freshly cut wood that has not been subjected to a drying process, even though 
free water actually starts to evaporate from the exposed parts of the wood immediately 
after the tree has been felled if the temperature is above zero. Green wood can contain, 
by weight, more than twice as much water as wood substance, depending on the wood 
species, density, season of the year and location of the timber in the tree (Dinwoodie, 
2000). A piece of green sawn timber may contain heartwood, sapwood or, often, both. 
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Figure 5: A cross-section of Scots pine showing different anatomical elements 

When the wood is dried prior to use, all the free water is removed and also part of the 
bound water. The goal is to reach a MC close to the EMC corresponding to the 
expected average atmospheric conditions in which the wood will have its final use. The 
MC of a piece of wood in use is often required to be below the MC at which biological 
decay may start. Otherwise, special considerations must be taken, such as impregnation 
or chemical or thermal-hydro modification. There is, in general, much less free water in 
heartwood than in sapwood, and when wood dries, the free water evaporates first, until 
the FSP is reached, after which bound water starts to evaporate as well. Nevertheless, if a 
relatively large region of a given piece of timber is below FSP, it will continue drying 
under diffusion even if large parts of the same board are well above FSP. 

Since wood is a hygroscopic material, most of its properties are dependent on its MC. As 
a general rule, the MC has no substantial influence on mechanical properties above the 
FSP, as long as the water is not frozen; whereas below the FSP, decreasing MC leads to 
an increase in mechanical performance. The MC does not affect all properties to the 
same extent. Strength and static properties are more sensitive than stiffness and dynamic 
properties (Arnold, 2010). Toughness and work to maximum load in bending tests are 
rarely affected by MC, and, depending on the wood species, they may vary in either 
direction with changing MC. As the MC decreases, there is a proportional increment in 
modulus of elasticity (MOE), which is two times larger for the modulus of rupture 
(MOR) and three times larger for the maximum crushing strength (Wangaard, 1981). 
An increase in MC leads to lower values for various fracture parameters (Tukiainen & 
Hughes, 2016). Neither MC nor temperature has any significant effect on the failure 
mode. Bending properties are moderately dependent on MC, in contrast to compression 
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parallel to the grain, which is highly dependent on MC, or tensile strength, which is 
relatively less dependent on MC. Nevertheless, at very low MC, some of the mechanical 
properties may reach an optimum level and even start declining with decreasing MC 
(Arnold, 2010). Tests to determine these properties are usually performed on small, 
knot-free, clear specimens, which also influences the extrapolation of the laboratory 
conclusions. In these cases, the influence of MC on all mechanical properties is greater 
than on pieces containing features such as reaction wood, juvenile wood or knots. The 
inhomogeneity inherent in wood introduces factors whose influence on the results of 
mechanical tests is greater than that of MC. These considerations are in regard to MC 
below FSP, as indicated. 

Other properties are also affected by the MC level in wood. Water is a better conductor 
of heat and electricity than air or wood, and the more water present in the wood, the 
higher is the conductivity of heat and electricity. The specific heat of water is greater 
than that of wood, and this means that its value is higher at a high than at a low MC 
level; and the thermal diffusivity is also higher at a higher MC. The velocity of sound 
propagation increases with increasing MOE and with decreasing density. Since an 
increase in MC tends to decrease the MOE and increase the density, it thus leads to 
slower sound propagation (Wangaard, 1981). 

4.2 Fibre saturation point, anisotropy and anatomy of wood 

The FSP is defined as the MC at the moment when there is no free water in the cell 
lumens, but where the cell walls are fully saturated with bound water (Tiemann, 1906). 
In practice, this is the conceptual definition still in use, but there is, nevertheless, a debate 
about the definition of FSP. There is also evidence that at some point, both liquid and 
bound water evaporate simultaneously. For the purpose of most wood materials research, 
the point of interest is the moisture level at which the physical properties of wood start 
to change during drying, which depends on several factors and, for most wood species, is 
usually considered to be at about 30% at 20°C, even though it fluctuates by a few 
percentage points with temperature.  

For Scots pine and Norway spruce in the green state, sapwood has a MC of about 130%, 
whereas it is about 35% in heartwood (Esping, 1992). Experimental determinations in 
the present work have shown that both shining gum eucalypt and especially brittle 
willow can have a much higher MC in sapwood. In the case of willow, it is well above 
200%. Since liquid water evaporates first during a drying process, a stage will be reached, 
at least theoretically, where heartwood contains no more free water but it is still present 
in sapwood. At that stage, bound water will start to evaporate from heartwood, but not 
from sapwood, where large amounts of liquid water must still be evaporated before the 
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bound water starts to evaporate. If, as usually happens, a board contains both sapwood 
and heartwood, shrinkage will start to occur in the heartwood part of the wood when 
bound water is released, but not in the sapwood. Such a behaviour also occurs in the 
surface of the board when free water is present, because water does not evaporate at the 
surface but rather at a region several millimetres deep, known as the evaporation front, 
creating a sort of dry shell around the wetter core of the sawn timber (Wiberg, 2001). 
This will be further discussed in the section Capillary flow and cell collapse. Actually, many 
factors, such as exposure of the sides of the sawn timber, can interfere with the drying 
process. Should shrinkage occur in only one region of a piece of sawn timber, it would 
create an additional source of stress, together with the anisotropy of shrinkage itself, and 
increase the possibility of cracking and distortion. This is one reason why FSP has been 
in the focus of research for a long time. It also illustrates why, for the purpose of wood 
drying research, the definition of FSP is still related to changes in physical properties 
rather than to the evaporation of bound water. 

The FSP is a key feature in wood drying because it defines the border between two 
different regimes in the drying process: the capillary phase (transport and evaporation of 
free water) and the diffusion phase (evaporation of bound water and transport of water 
vapour). The transition between the two regimes is not sharp, and it is characterized by 
the point of irreducible saturation, which is the moment at which there is still free water 
in the wood, but it has lost continuity, and the liquid water is present in pockets or pools 
within the wood (Figure 6).

Figure 6: Coloured CT image showing the distribution of free water in the cross section of a Scots 
pine piece of sawn timber as it transitions from the capillary regime into the diffusion regime of 
drying 

The physical explanation of the MC-dependent dimensional changes in wood below the 
FSP is that water molecules take up space between the molecules of the wood material 
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constituents. When water molecules that are bound to the cell wall are released, the 
space they were occupying is freed, and microfibrils can and do move closer to each 
other, increasing inter-microfibrillar bonding and causing a macroscopic shrinkage of the 
material. Under atmospheric conditions at a higher relative humidity than that 
corresponding to the actual MC of a piece of wood, water molecules from the 
surrounding air bond to the wood substance, again separating microfibrils from each 
other and causing macroscopic swelling. 

Softwood cells, known as tracheids, are hollow tubes with a length of about 3 mm and a 
diameter of about 30 μm in the case of Norway spruce and Scots pine. They are 
narrower at both ends than in the middle and are interconnected to each other by 
openings in the cell wall known as pits. Most of the cells are aligned more or less parallel 
to the vertical axis (longitudinal direction), but some are present in horizontal bands 
(rays) oriented radially from the cambium towards the pith. This anatomical feature and 
the orientation at an angle of some of the microfibrils in the cell wall are responsible for 
the anisotropy in wood, which relates not only to dimensional changes, but also to the 
mechanical properties of the material (Dinwoodie, 2000). The cross section in Figure 7 
shows typical radial cracks in a wooden disc caused by the anisotropic shrinkage of the 
wood. As the shrinkage in the tangential direction is greater than that in the radial 
direction, the circumference of the cross section shortens more than the radius, creating 
stresses that lead to cracks. 

Figure 7: Cross-sectional view of radial cracks in Scots pine due to shrinkage anisotropy 
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The cell composition of brittle willow and shining gum eucalypt is more complex than 
that of Norway spruce and Scots pine, even though they share some general 
characteristics. Hardwoods in general have a greater variety of cell types than softwoods. 
It is possible to differentiate cells with very specific functions, and they therefore are 
considered to be more biologically evolved organisms than softwoods. In softwoods, 
tracheids are responsible for support and water transport, in hardwoods, fibres are 
responsible for support and vessels are responsible for water transport. Vessels are long 
interconnected hollow tubes with a much larger diameter than tracheids. In willow, the 
diameter of the vessels is about 0.8 mm, and they are interconnected with simple 
perforation plates (Schweingruber, 1990), i.e. a membrane with a single opening nearly 
the diameter of the connecting cells. The diameter of the vessels in the Eucalyptus genus 
is about 0.25 mm (Miles, 1978), much larger than the tracheid diameter in Scots pine 
and Norway spruce, but still smaller than the vessel diameter in willow. Hardwood 
vessels are, in general, shorter than softwood tracheids, but because they are connected 
through simple perforation plates, they form very long conducti that transport water 
more efficiently. Even with these differences in cell composition, hardwoods and 
softwoods present similar anisotropic behaviour during swelling and shrinking. Skaar 
(1988) lists different theories to explain the anisotropic dimensional changes in wood, 
which are usually related to variations in one of three features: wood structure, fibril 
alignment and cell-wall layering (Pentoney, 1956). However, none of them is widely 
accepted, and no records have been found of recent research presenting new theories 
that could explain the anisotropic shrinkage. 

4.3 Capillary flow and cell collapse 

As indicated above, free water evaporates during the capillary phase, whereas bound 
water evaporates during the diffusion phase. Wiberg (2001) used CT to explore this 
aspect and showed the formation of a dry shell about 2 mm in thickness in Scots pine 
sawn timber. He also stated that water is driven towards the evaporation front by 
capillary forces generated by the evaporation front. This confirms an idea that has existed 
since Hawley (1931) developed it theoretically and Siau (1971) explored the same 
phenomenon. Wiberg (2001) also showed how the evaporation front recedes at some 
point during the drying of Scots pine, and that this leads to the point of irreducible 
saturation. Following a different approach, Salin (2006) was able to confirm this 
behaviour of the water flow in both Scots pine and Norway spruce. During the 
experiments performed in the present work, the dry shell was visible in all species, as 
Figure 8 shows. It is remarkable that this phenomenon occurs even in brittle willow, 
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even though it was microwave-dried during the capillary phase, which creates a different 
driving force for drying than convective circulation air drying. This behaviour is also 
influenced by the anatomical structure and cavity-size distribution. Scheepers et al. 
(2007) suggest that during the evaporation of liquid water, the largest meniscus recedes 
into wood through the largest cavities due to liquid tension, allowing air into the wood 
network. During the drying process, the irreducible saturation point marks the start of 
the transition from capillary flow to diffusion. 

Figure 8: Cross-section views of coloured CT images showing the dry shell formed in the early 
stages of drying of (a) Scots pine, (b) brittle willow and (c) shinning gum eucalypt 

A particular case of stress-induced alterations is cell collapse, a phenomenon very 
common amongst hardwoods and especially some species of eucalypt, like Eucalyptus 
nitens. Cell collapse is a process that occurs when liquid water transport is taking place in 
the wood e.g. when liquid water moves towards the evaporation front, and thin-walled 
cells cannot withstand the tension forces generated by the negative pressure of the liquid 
water when it is displaced (Yang & Liu, 2018). This collapse is, at least in part, the cause 
of internal and surface checks in the timber, which in Eucalyptus nitens often happens 
very early during drying, in artificial as well as uncontrolled air seasoning. The topic of 
collapse during drying of eucalypt has been studied extensively from various viewpoints: 
anatomical, materials science and genetics, as reported in Paper III. Figure 9 shows a 
severe case of collapse in Eucalyptus nitens during drying. 
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Figure 9: Examples of internal cracking of different severity and collapse in Eucalyptus nitens 
developed during drying 

4.4 Diffusion and creep 

An important parameter to consider regarding MC, drying and shrinkage/swelling is 
creep. Creep is defined as the slow permanent deformation of a specimen under 
sustained stress (Dictionary of physics, 1994), and in wood drying it has two 
components: viscoelastic creep, due to the viscoelastic nature of wood, and mechano-
sorptive creep, which occurs when the hot material is subjected to mechanical stress 
while undergoing MC changes (Moren & Sehlstedt-Persson, 1993; Perré, 1999). Under 
the conditions usually prevailing during the industrial drying of wood, mechano-sorptive 
creep develops in a shorter time span than viscoelastic creep. Models have been 
presented to describe the creep behaviour of wood during drying, but no theoretical 
explanation has been widely accepted. In industrial kilns, wood is dried under load, 
which, to minimize deformation, takes advantage of creep and the fact that it is 
temperature-dependent. The creep within a sawn timber undergoing industrial drying 
has consequences that influence the quality of the final product to a great extent. 

After all the free water has been released from wood, bound water starts to evaporate and 
drying enters the diffusion regime. Below the FSP, a gradient develops where the core of 
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the wood piece has a higher MC than the surface. If this gradient still exists after the 
drying is completed, the moisture tends to equalize, leading to further stresses that 
combined with creep, may cause defects such as distortion and cracking. To compensate 
for this gradient, wood is usually dried under conditions to reach a MC lower than the 
target MC, ideally reaching a point where the core of the wood piece is slightly above 
the target MC, while the outermost region is drier. The conditioning regime is then 
introduced, where the wood is re-moisturized, and the outer part gains moisture while 
the core continues to dry. The moisture from the core moves towards the surface 
without actually reaching it, contributing to the gain in MC of the surface. This rather 
elementary theoretical process is extremely complex in practice, and it is not possible to 
monitor it while it is taking place. The only way to study it would be after the drying 
has been completed. The conditioning is also used to release the compressive forces in 
the parts of the sawn timber affected by the creep produced by the anisotropy of the 
shrinkage through a mechanism explained below. 

The movement of water in the diffusion phase has a stochastic component that makes it 
difficult to model. During this process, water molecules move through the cavities inside 
the wood and eventually bond to the cell walls (Morén, 2016). Different explanations for 
the moisture transport in the diffusion phase have been proposed based on Fick’s law, the 
assumption being that the driving force for water movement is a moisture gradient. This 
has led to controversy, and other factors have been proposed as possible driving forces for 
the water transport, such as a gradient of spreading pressure, a vapour pressure potential 
and a chemical potential (Skaar, 1988). This issue has remained controversial, and there 
are different diffusion models explaining water transport during drying below FSP (da 
Silva, da Silva & Rodrigues, 2014; Katekawa & Silva, 2006; Zhao, Fu, Jia, & Cai, 2016). 
These models tend to be reliable under specific conditions involving certain types of 
drying processes, certain wood types and species. Nevertheless, there are so many factors 
involved in a drying process that a unique model will be extremely difficult to establish.  

During drying, stresses developing due to different shrinkage levels at different locations 
in the timber may result in distortion or cracking. Elastic, viscoelastic and mechano-
sorptive creep define how these stresses manifest themselves, and the steering of the 
drying process can influence the stress distribution within the timber. The surface of the 
green sawn timber reaches the FSP early during the drying due to the dry shell created, 
regardless of whether it is sapwood or heartwood. This adds resistance to both the heat 
and mass transfer, which decreases the drying rate but more important, it causes a tensile 
stress in the surface and a compressive stress in the core (Wiberg, 1996). If the tensile 
stresses early in drying become higher than the strength of the wood material in the 
transverse direction in the surface, a typical radial crack will appear in the tangential 
surface. Viscoelastic and mechano-sorptive creep of stressed regions lower the stress level 
and prevent cracking. This creep deformation, often called case hardening, also causes an 
inversion in the stress distribution later in the drying process when the core of the board 
starts to shrink, but it is held by the surface that previously underwent creep while under 
tensile stress (Moren & Sehlstedt-Persson, 1993). Stresses remain in the wood after the 
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drying process has finished, but in extreme cases such as in eucalypts they can also 
become manifest as internal cracks or honeycombing early during drying, even during 
the capillary regime. 

 

4.5 Moisture-content measurement 

In wood science, MC is defined as the ratio of the weight of water to the weight of 
wood substance, usually expressed as a percentage. A wood piece containing the same 
weight of water as the weight of wood substance is said to have a MC of 100%. The use 
of percentage to express MC can be confusing because in growing trees, the weight of 
water contained within the wood substance network can exceed by far the weight of the 
wood substance itself, so its MC can be well above 100%. 

In practice, to obtain the weight of wood substance, or dry mass, the wood sample is 
dried at a temperature of 103±2°C, until the difference in mass between two successive 
weighings separated by an interval of two hours is less than 0.1% (Standards Sweden, 
2004). This is known as the OD or the gravimetric method, and it is often considered 
the most reliable way to measure MC in wood. This direct method involves, however, 
some problems, such as the evaporation of other volatile compounds (extractives) during 
the drying, the fact that it is not immediate, and the fact that it is a destructive method. 
Alternative, non-contact indirect methods such as computed tomography scanning exist 
which can overcome some of these inconveniences, especially on the laboratory scale. 

There are a variety of methods to measure MC other than the gravimetric method. If 
high precision is required, a distillation method can be used, where the wood is heated in 
a distillation apparatus containing a solvent for the volatile extractive compounds which 
is non-miscible with water (Skaar, 1988). The apparatus also condenses the evaporated 
water, and this makes it possible to quantify the amount of water and the amount of 
evaporated extractives. Even though the method is an effective way of estimating the 
amount of extractives, it is somewhat inaccurate in measuring the MC due to the 
difficulty of measuring water volumetrically. These drawbacks led to the development of 
a titration method, which is a more accurate way of measuring water content (Skaar, 
1988). Nevertheless, none of these methods can be applied to large specimens, and they 
work best for sawdust or small chips rather than for a solid piece of wood. 

Other laboratory-scale methods have been developed for accurate measurements of MC 
and MC changes. Dynamic vapour sorption is a technique often used for characterizing 
different sorts of materials, and to obtain sorption isotherms which describe the 
behaviour of a material when releasing or absorbing water to the environment. 
Hysteresis is a well-known characteristic of wood: when wood is in the process of 
desorption, the EMC is higher than when the wood is absorbing moisture under the 
same conditions. In the sorption method, the specimen is placed in a closed vessel and 
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the change in relative humidity of the air inside the chamber is monitored as the material 
equilibrates its MC with that of the surrounding air (Dietsch et al., 2015). 

Electrical moisture meters measure the electrical resistance between two pins inserted in 
wood and, taking into consideration the temperature, the MC is calculated based on the 
water having a conductivity much greater than that of wood. The electrical conductivity 
decreases with decreasing MC. This method is reliable only for MCs between 7% and 
FSP (Forsén & Tarvainen, 2000) and it is affected by factors such as the wood species, 
fibre orientation, density and possible handling errors. In a sawmill, these instruments are 
largely used to obtain mean values of MC on batches of sawn timber rather than on 
individual pieces. Their accuracy is between ±1.5 and ±2.5 MC percentage points 
(Forsén & Tarvainen, 2000; Milota & Quarles, 1990).  

Moisture meters that measure dielectric properties instead of conductivity are also 
commercially available. The dielectric constant of wood increases with increasing MC, 
since water has more pronounced dielectric characteristics than the wood (Torgovnikov, 
1993). These dielectric/capacitive devices do not penetrate the wood material, and they 
measure the MC near the surface. As with electric meters, the use of dielectric/capacitive 
meters is limited to levels below FSP down to 2% MC (Dietsch et al., 2015). 

The use of radiation is possible when the measurement must be quick and needs high 
accuracy, without further drying of the specimen.  

Microwaves are used to study properties of wood such as the MC (Bogosanovic, Al 
Anbuky, & Emms, 2010), the principle being that microwave beams are depolarized, 
attenuated and phase shifted when they propagate through wood. The amounts by 
which these parameters change depend on the fibre orientation, MC, temperature and 
dry density (Torgovnikov, 1993). The first microwave devices developed for MC 
measurements were designed for materials such as wheat, sand, coal and tobacco (Orhan, 
2004). Later studies adapted microwave devices to wood, and 3D finite-element 
modelling was used to generate a prediction model for MC (Lundgren, Johnsson, & 
Hansson, 2007). These techniques focused mainly on developing control systems for 
industrial environments. Today it is possible to predict MC with an uncertainty of less 
than 0.5% (Aichholzer et al., 2013) and the correlation between prediction and true 
value has R2 values up to 93% (Denzler, Lux, & Arthaber, 2014). Microwaves cannot 
penetrate deep into wood, nor can they be used to obtain three-dimensional 
representations. The measurement of MC with microwaves gives an average value for 
the volume of wood being measured, so the technique cannot be used to create a map of 
the MC within the wood. Antti (1999) showed several applications of microwaves not 
only for MC measurement, but also as a drying method. Hansson (2007) further studied 
the interactions of microwaves with several wood properties as well as its use as a drying 
method. The use of microwaves in industrial environments is still not very extensive. 
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Near-infrared (NIR) spectroscopy can be used to measure the MC in the surface of 
wood with very high accuracy (Hoffmeyer & Pedersen, 1995). When infrared (IR) 
radiation impacts a material, some of the IR radiation is absorbed in the superficial 
regions and some is reflected. The reflected IR radiation can be collected and 
transformed into an IR spectrum that depends on the chemical composition, density, and 
MC of the material (Nyström & Dahlquist, 2004). As NIR cannot penetrate deep into 
wood, it is not used to study the MC of solid wood, but rather that of wood chips 
or veneer. 

First developed in the medical field, nuclear magnetic resonance (NMR) is another 
technique used for wood characterization on the micrometre scale. It can be used to 
study structural characteristics such as annual rings, sapwood-heartwood transition, rays, 
reaction wood, resin canals, knots, wounds, wet wood or decay by fungi; and it provides 
data on other parameters such as chemical composition, porosity and MC distribution 
(Bucur, 2003). The most valuable application of NMR is the study of water flow and 
diffusion in wood specimens and living trees. In addition to quantitative MC estimations, 
this technique provides a means to study aqueous states under different conditions, and 
makes it possible to study the interesting topic of FSP transition. NMR was used by 
Almeida et al. (2007) to show that, at some point in a drying process, bound water and 
liquid water evaporate simultaneously. Such results led to theoretical debates about the 
definition of FSP that has been used for decades (Engelund et al., 2013).  

NMR was at first a very expensive technique, because of the high costs of the apparatus 
and the need for powerful computers. Portable devices are available, but they are reliable 
only for MC above FSP and are not quantitative at low MC (Lamason et al., 2015). 
Stationary NMR devices are suitable to quantify water below FSP (Thygesen & Elder, 
2009). Even though more affordable devices have been developed in recent years, their 
high cost is still a limiting factor. The penetration depth of NMR devices is a few 
millimetres, and the resolution can be below 100 μm (Perlo, Casanova, & Blümich, 
2005). 

Neutron imaging (NI) is also used for the determination of MC in wood with a spatial 
resolution of about 40 μm. The working principle, as with many techniques based on 
radiation, is to measure the attenuation of the neutron beams when they pass through a 
material. Neutrons have a high interaction probability with hydrogen atoms, which 
makes NI particularly suitable for the quantitative determination of the moisture 
distribution in wood (Niemz & Mannes, 2012). NI is used specially to study dynamic 
moisture transport processes, such as water uptake by adsorption, but it can also be used 
to study water transport by diffusion. NI can estimate the total water content of a wood 
specimen with an error of less than 3% compared to the gravimetric methods (Mannes, 
2009). Some limitations of NI are specimen size, which is usually limited to a few 
centimetres, and the limited availability of facilities where NI can be performed.  
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This thesis focuses on CT, specifically on medical CT, a radiation technique that has not 
been mentioned in this section. Further sections of this thesis will examine it and 
consider it in depth.  

 

4.6 Industrial wood drying 

Within the sawmill industry, drying is one of the key steps in the primary processing of 
logs to sawn timber. The process is highly energy-demanding, but it plays a vital role in 
the final quality of the timber. If not performed correctly, the quality of the final product 
may drop dramatically, bottlenecks may arise in sawmill production, and there may be 
significant financial losses due to the deterioration in the quality of the sawn timber. The 
drying process becomes more complicated and time-consuming with hardwoods. In 
Scandinavia, Scots pine and Norway spruce are the most common industry-used species, 
and their drying is relatively easy to manage compared to the drying of species such as 
eucalypts. They are, nevertheless, of great relevance in some regions of the world. 
Eucalypts are extremely prone to cell collapse, where the cell no longer holds its shape 
and stops being an effective structural element of the wood. Collapse occurs in most 
hardwoods species and even in some softwoods. 

In the industry, air circulation drying is performed in kilns that can be of different kinds 
but have some common features, the climate inside the chamber being controlled by 
regulating the temperature, RH and velocity of the circulating air. The temperature is 
controlled mainly by heat transfer from coils, and the humidity is controlled by venting, 
steaming and spraying water or steam (which in turn influences the temperature). The air 
velocity, which has a great influence on the drying rate, is controlled by circulation fans. 
The changes in these parameters with time is usually planned in advance in the drying 
schedule, even though it may often be modified during the process. A drying schedule 
has various regimes with different levels of RH, air velocity and temperature, with 
different strategies for heating and cooling. The aim is to obtain stress-free wood with a 
certain and uniform level of MC in all the sawn timber, but also within a single piece of 
timber, avoiding moisture gradients inside the wood that lower the quality. At the end of 
the drying process, the surface of the sawn timber is usually drier than its core and it is 
under compressive stress. This is usually adjusted during the final step of the drying 
process, which actually consists of moistening the timber surface by raising the RH of 
the air or spraying with water directly on the wood surfaces. This step is known as the 
conditioning regime. 

Considering that wood is a very heterogeneous material, it is evident that the design of 
the drying process is complicated, especially for large industrial batches, which can be up 
to 500 m3 in size and are required to dry as homogeneously as possible. The first drying 
schedules were established empirically, but nowadays mathematical models and 
simulation tools help in the design of drying schedules, even though the final testing is 
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still empirically evaluated. Unfortunately, there is no way to accurately monitor the MC 
of timber during drying. Only when the drying process is completed is it possible to 
measure the MC and evaluate the reliability of the model used in the schedule design. 
The overall quality of the sawn timber can then be determined and, based upon the 
results, modifications in future drying schedules and changes in the model can be 
considered. Parameters such as distortion and residual stresses cannot be monitored 
during drying and must be assessed when the drying is completed. Laboratory research 
can contribute to the development of new models and schedules but the transfer of 
knowledge from laboratory tests to an industrial environment is not direct. It requires 
fine tuning and in some cases may not be accurate. Laboratory tests nevertheless play a 
key role in the continuous development of wood-drying technologies. Devices have 
been used inside industrial kilns to monitor wood MC in real time and use the data as 
input for subsequent modifications of the schedule. These methods may become an 
obstacle to industrial productivity, as they add logistic difficulties because they must 
usually be located within the sawn-timber drying batches. They have not yet been 
proven to be accurate enough for the industry’s requirements. 

Different drying methods are used in the world, from very basic air drying, where wood 
is left outdoors for months or even years to complex facilities that process hundreds of 
thousands of cubic meters of sawn timber annually. The choice of drying method is 
greatly influenced by the species to be dried. If they are dried in kilns directly from the 
green state, most hardwood species and some softwoods are prone to develop drying 
defects such as surface checking, discoloration, case hardening, warping and cell collapse 
(Brown, 1965; Morén, 2016). Most of these defects are caused by a too-forced drying 
process, and they sometimes appear early on during drying. For instance, discoloration 
develops due to the movement of liquid water which transports extractives such as resin 
to superficial regions where the evaporation occurs. Cell collapse is also caused by the 
displacement of liquid water, and by the evaporation of the water in a more superficial 
region in the timber (Yang & Liu, 2018). Other defects such as distortion are caused 
when shrinkage occurs. With wood species that suffer these defects, there is no 
advantage in using an energy-consuming processing such as kiln-drying. A species 
extremely prone to bring defects and specifically to cell collapse, Eucalyptus nitens, was 
investigated in Paper IV. The project was however devoted to the possibility of 
improving the drying of the wood in kilns. 

Other species can be dried in kilns using quite aggressive conditions immediately after 
felling and sawing, when large amounts of liquid water are present. This is the most 
frequently used method in Scandinavia due to the use of wood species, such as Scots 
pine and Norway spruce, that allow it. The most common drying kilns are batch kilns, 
which are normally used to dry the thickest dimensions of centre boards. They are large 
containers, nowadays built of stainless steel. They used to be built of concrete, but 
concrete is a hygroscopic material and it interfered with the drying and was quickly 
damaged. The size of a batch kiln can vary between 50 and 450 m3 of timber. In 
progressive kilns, wood travels across areas with different climates where the moisture 
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required in the air in some steps comes from wood that has previously dried in that 
position and continues drying in further positions. An introduction to the basics of wood 
drying in different kinds of kilns and their working principles was recently published by 
Morén (2016). 

5 Computed tomography 

5.1 Fundamentals 

The working principle of an X-ray CT scanner is that X-rays are sent through a material 
and the intensity of X-ray photons that reach the detector at the other side per unit time 
is quantified. The X-rays are generated in the X-ray tube, which is in a fixed position in 
relation to the detectors at the opposite side which in medical CT scanners rotate around 
the scanned object (Figure 10). In other CT scanners, the scanned object rotates while 
the tube and detectors remain stationary, which simplifies the mechanics of the device.  

Figure 10: Representation of the working principle of the medical CT scanner used 
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During rotation, the tube sends X-rays, and the detector collects transmitted X-rays at 
several angular positions, called projections, which are further processed to reconstruct a 
two-dimensional image of the cross section by a filtered back-projection (or 
convolution) algorithm based on the Fourier transform (Hsieh, 2009; Kalender, 2011). In 
the medical CT scanner used in the present work, up to 1000 projections are collected in 
a single rotation. They are processed, and the image is generated in a few seconds. 

The X-ray tube consists of an anode and a cathode. The difference in potential causes 
electrons to leave the cathode and impact the target material in the anode, which is 
usually made of a molybdenum- or tungsten-based alloy. These electrons interact with 
the atoms of the target material (anode) in different ways depending on their trajectories 
and energy and cause the release of X-rays. There are three types of interaction between 
the electron and an atom in the target material, as described by Hsieh (2009) and 
represented in Figure 11. The first type occurs when the electron follows a trajectory 
that is close to the nucleus of an atom in the target material, and the attraction forces 
between the electron (negative) and the nucleus (positive) cause a deflection in the 
trajectory of the electron and a sudden loss in speed. The energy lost with the 
deceleration of the electron produces bremsstrahlung radiation.  

Figure 11: The three kinds of interactions between an electron and an atom of the target material 
(cathode). Interactions a and c give bremsstrahlung radiation, whereas interaction b 
gives characteristic radiation 

The electron can instead impact with an electron in the atom of the target material and 
knock it out of its orbit, giving place to the second type of interaction. In that case, an 
electron from an outer orbit jumps to occupy the space freed in the inner orbit. The 
amount of energy that this electron loses as it jumps between orbits is the difference in 
energy the electron has when occupying each of the orbits, and that energy is turned 
into characteristic radiation. 
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The third type of interaction happens when the electron collides with the nucleus of the 
atom, giving up its entire energy and causing bremsstrahlung radiation. This third type of 
interaction occurs the least often of the three, but it is the type of interaction that gives 
the highest energy in the X-ray generated.  

The X-ray radiation generated in the tube is collimated and directed towards the 
detectors in a fan-beam fashion. As it flows through a material, the X-ray radiation 
attenuates. The attenuation process consists mainly of two kinds of interaction between 
the X-ray photons and the atoms of the scanned material, as described by Hsieh (2009): 
the photoelectric effect and the Compton effect (Figure 12). A third interaction, known 
as coherent scattering, has usually not been considered important in X-ray CT because it 
is not ionizing, and no energy is transformed into kinetic energy. Furthermore, referring 
to wood material and the energy range in which the equipment used in the present work 
functions, the Compton effect plays the most important role. 

Figure 12: The two main interactions between an X-ray photon and an atom of the 
scanned material: (a) the photoelectric effect and (b) the Compton effect 

Albert Einstein described the photoelectric effect, for which he was awarded the Nobel 
Prize in Physics in 1921, as a situation in which an X-ray photon gives up its entire 
energy when colliding with an electron of an atom and knocking it out of orbit. An 
electron from an outer shell immediately occupies the hole created, and since the energy 
of an electron in an outer shell is greater than that of an electron in an inner shell, it 
emits the difference in energy as X-radiation. The radiation generated by the 
photoelectric effect is usually weak, and it is dissipated within a fraction of a millimetre.  

The other interaction between matter and X-rays is the Compton effect, named after 
Arthur Holly Compton, who described it and was awarded the Nobel Prize in Physics in 
1927 for it. The Compton effect occurs when an electron does not give up all its energy 
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while removing an electron from its orbit, but continues travel through the material 
usually in a scattered direction. As with the photoelectric effect, the electron hole 
generated in the orbit is filled by an electron from an outer shell that releases the 
difference in energy as X-ray radiation. The electron scattered from the Compton 
interaction has a much higher energy than that from the photoelectric interaction, and it 
usually generates further interactions within the scanned object.  

The probability of these interactions occurring defines the magnitude of the attenuation 
and is based on the linear attenuation coefficient, which is dependent on the material 
composition according to the Lambert-Beer law: 

 =  (1) 

where I is the intensity of the transmitted X-ray beam, I0 is the intensity of the incident 
X-ray beam, μ is the linear attenuation coefficient, and z is the thickness of the 
specimen. 

The probability that photoelectric interaction occurs depends on the atomic number of 
the material, whereas the possibility of occurrence of the Compton interaction depends 
on the electron density of the material (Hsieh, 2009). In both cases, the energy of the 
X-ray influences the probability that the interaction occurs. Dense substances have a 
large number of electrons per unit volume, and they will greatly attenuate the X-
radiation. The linear attenuation coefficient of a material is dependent on its density, and 
to overcome the influence of the variation in the density of the material, the mass 
attenuation coefficient is often used (μ/ρ) (Akkurt et al., 2005). This is defined as the 
linear attenuation coefficient per unit mass of the material. Medical applications of CT 
take advantage of this phenomenon and make use, for instance, of contrast substances 
that are injected into the blood to observe small blood vessels through CT. This 
substance is usually based in iodine, with an atomic number of 53 which is much higher 
than that of other substances present in the human body. 

The maximum potential difference between the anode and the cathode serves to define 
devices and specific settings. For instance, the settings of the CT scanner used in the 
studies presented in this thesis allow potential differences in the tube of 80, 110 and 130 
kV. With the 130 kV settings, the electrons leave the anode and hit the cathode with an 
energy of 130 keV, and the electrons that interact with the target material then generate 
X-rays with an energy that will be 130 keV at most, but only a small fraction of the X-
ray photons will have such a high energy (Huda, Scalzetti, & Levin, 2000). Photons 
reaching that level of energy are those that originate through interaction c in Figure 11. 
With 130 kV applied in the tube, the average energy of the X-ray will be ca. 70 keV 
(Jackson & Hawkes, 1981). The settings are therefore referred to as 130 kVp (peak 
kilovolts).  
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The linear attenuation coefficient is normalized with respect to the linear attenuation 
coefficient of water, leading to the CT number or Hounsfield number, according to: 

  = 1000 · ( − )−  (2) 

where μx is the linear attenuation coefficient of the scanned material, μwater is the linear 
attenuation coefficient of water, and μair is the linear attenuation coefficient of air. The 
formula applies for CT scanners with an average photon energy of 73 keV. In Equation 
2, a CT number of -1000 is the attenuation value for air, and a CT number of 0 is the 
value for water. 

The image reconstruction results in a map of inhomogeneities of the cross section in a 
position perpendicular to the rotation axis. This map can be represented as a two-
dimensional raster image of the scanned cross section, formed by pixels with values of the 
X-ray linear attenuation coefficient. In a CT, one pixel represents a three-dimensional 
entity (voxel) of the material scanned with the dimensions of the pixel and the thickness 
of the scanning beam (the beam depth). After the processing, a CT scanner provides a 
raster image in which the value of each pixel is the average CT number of the voxel it 
represents according to Equation 2. There is great variability in voxel dimensions and 
pixel size due to the type of CT, the specific device and the chosen settings. The pixel 
size of a micro-CT scanner is in the micrometre range, and for a nano-CT scanner, the 
pixel size is in the nanometre range. The medical CT scanner used for the experiments 
presented in this thesis had a minimum pixel size of about 0.1 x 0.1 mm2 and a 
maximum of 0.98 x 0.98 mm2, depending on the dimensions of the field of view chosen 
for the reconstruction.  

 

5.2 Use of computed tomography as a visualization tool in wood 
science 

Since the early 1980s, CT has been used as a non-destructive wood characterization 
technique. The first and more obvious applications were as a visualization tool, because 
CT made it possible to inspect the internal features of logs and sawn timber. Benson-
Cooper, Knowles, & Thomson (1982) performed the first CT tests on logs, using a 
portable Ct apparatus to detect internal defects. The relation between the CT number 
and wood density was later studied by Lindgren (1985), who carried out feasibility 
studies on the use of CT in logs, focusing on the use of a medical CT scanner (Lindgren, 
1992). This was the starting point for a research subject that is still of interest. 

There are several reasons why a medical CT scanner may be preferred over other non-
destructive methods for density and moisture measurements or over other micro- and 
nano-CT technologies which require scanning times that are so long that the MC of the 
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specimen may change during the measurement. A medical CT scanner takes only about 
one second to scan each slice, while micro-CT scanners, NIR, MRI or Neutron 
tomography can take several hours. Although the resolution is lower, a medical CT 
scanner offers a convenient balance between accuracy, maximum specimen size and 
scanning time. In addition to the disadvantage of the long scanning time, a micro-CT 
scanner can only be used for specimens with a largest dimension of about 400 mm, and 
with a nano-CT scanner, specimens of up to only about 150 mm can be scanned. The 
larger the dimensions of the specimen, the lower is the resolution, because the resolution 
is based on the distance between sources, scanned object and detector, and smaller 
specimens make it possible to reduce these distances. A medical CT scanner can be used 
for studying laboratory-scale processes while retaining the essential features of the 
industrial-scale process. 

Even though a medical CT scanner is a relatively large piece of equipment, it can be 
manageable in a laboratory-scale facility, it provides versatility and it does not require 
complex training to be operated. Its size makes it possible to scan large pieces of wood 
and, at the same time, the experimental setup can be varied. It is also possible to scan 
wood while it is being subjected to drying, thermal modification or impregnation. 

There are some limitations in the use of CT for wood research. One is the low accuracy 
in the case of sharp transitions of density in the scanned material. Sharp edges with a 
large difference in CT number are shown as a blurry transition in a CT image because 
the Fourier transform cannot reconstruct a step function correctly and overshoots at a 
jump discontinuity. This is known as the Gibbs phenomenon (Hewitt & Hewitt, 1979). 
Different reconstruction algorithms provide different results in terms of edge definition, 
but the overshoot does not disappear. In wood research, this means that the edges of the 
cross section (e.g. the surface of the board) are blurred, because there is an abrupt change 
in density (and thus in CT number) between air (-1000 in CT number) and wood 
(approximately -500 in CT number). During the processing of CT images of wood, the 
first two to four pixels are usually cropped so that they do not distort the calculations. 
The phenomenon also affects other uses of CT scanning, and in the case of a medical CT 
scanner, these studies are also limited by the fact that the range of energies in these 
devices does not permit the scanning of metals above aluminium in the periodic table. 

 

5.3 Computed tomography to measure wood moisture content 

Although the attenuation coefficient of a material is dependent on the effective atomic 
number, there is an approximately linear relation between the CT number and the 
density of wood (Lindgren, 1992), so the greyscale of a CT image of wood can be 
interpreted as a density scale. CT images can be calibrated so that white represents water 
(1000 kg/m3) and black represents air (≈ 0 kg/m3). A water phantom is scanned with the 
specimen so that the density is defined by the greyscale, a model that is well suited for 
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studying wood and wood-water relations. Figure 13 shows how sapwood in the green 
state is almost white because it is saturated with water, whereas dry wood has a darker 
grey hue. 

Figure 13: CT image of a cross section of pine timber with heartwood (dark) and 
water-filled sapwood 

CT images are used to calculate MC by analogy with the gravimetric method. It is 
possible to determine the density of the material represented in any given pixel using the 
CT numbers of air and water as reference. The CT scanner settings establish the pixel 
size and scanning depth, and thus the voxel volume. It is then possible to calculate the 
mass of the material in the pixel and, if the mass is known, it is possible to calculate 
the MC. 

Two images are needed for a MC determination with CT: one at the MC to be 
determined and another at a known reference MC, which here was, for practical reasons, 
always 0%. Due to shrinkage anisotropy in the wood cross section, the region in a given 
pixel at a certain MC is deformed in the OD image, and is then covered by more than 
one pixel because of the displacement (Figure 3). Since the voxels in the two images do 
not correspond to the same region in the specimen, the MC is determined as the average 
of the entire specimen. To quantitatively determine the MC in the local region, image 
processing must be performed to match the images. In the first applications of CT to 
wood drying, Lindgren (1992) attempted to resemble the swelling and shrinkage of 
cross-section images of timber by applying a linear transform combined with a bilinear 
and a non-linear transform to CT images of wood specimens at different MC levels.  

This problem has still not been completely solved. Methods that have been developed to 
determine MC in local regions are based on image registration, a process that 
reconstructs a deformed version of an image to match the un-deformed reference. 
Sorzano et al. (2005) proposed an algorithm which served as a basis for Arganda-Carreras 
et al. (2010) to develop a method to perform the registration in direct and inverse 
directions simultaneously. The direct-inverse registration makes it possible to select 
which of the two images is to be the reference. Such an algorithm is the basis of most of 
the experiments in the present work. 
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To use the procedure described above to estimate MC, the CT images of a wood 
specimen at a given MC and at 0% MC are considered to be deformed versions of one 
another. Danvind & Synnergren (2001) combined CT scanning with digital speckle 
photography to study the deformation of wood while drying. They painted the surface 
of the cross section and covered it with a random pattern so that the local displacement 
of the pattern (the deformation of the wood) could be recorded by photographing it at 
periodic intervals. At the same time, the wood specimen was scanned in a position close 
to the cross-section surface that was being monitored, so that the relationship between 
the deformation of the CT image and the photograph could be studied. A shrinkage 
coefficient was determined and implemented in the MC calculations. This procedure has 
several drawbacks: the area studied with CT must be as close as possible to the end of the 
board where the speckle photography is carried out for the deformation parameters to be 
extrapolated. Abnormalities close to the ends, such as different stresses and end checks 
due to incorrect sealing, may lead to poor conclusions and, finally, a complicated 
experimental setup is required, a drying chamber that allows the specimen to be both 
photographed and CT-scanned while it is being dried under controlled conditions. 

Further research was carried out using only the CT images and avoiding digital speckle 
photography. Danvind & Morén (2004) developed a method for estimating the pixel 
displacement in the radial and tangential directions in CT images during drying based on 
the observed pixel’s position in the object before and after deformation. They estimated 
MC gradients, but the process required many steps, which means that there are many 
sources of error, and the results must be considered with caution. More recently, 
Lazarescu, Watanabe and Avramidis (2010) estimated the shrinkage in CT images with 
an equation that uses the MC and the OD density. Watanabe et al. (2012) introduced a 
new method based on the algorithm by Sorzano, Thévenaz & Unser (2005) that 
measures shrinkage by applying DIC analysis to both CT images, to obtain strain 
information and calculate a shrinkage coefficient which is further implemented in the 
calculations to estimate MC. The Watanabe method is valuable because the MC is 
calculated at the pixel level, and Watanabe et al. (2012) verified their results by 
comparing the final MC estimations with those obtained using the same method but 
with different techniques for calculating the shrinkage. The Watanabe method was 
applied in Paper I. Following a different approach, Hansson & Fjellner (2013) calculated 
the shrinkage by applying a polygon clipping algorithm that used the corners of a closed 
polygonal chain as reference points and studied the displacement information of those 
points. This algorithm was used in Papers III and IV, and a variation of it was used in 
Paper II to estimate the shrinkage during drying of half-disks of wood. 

Although several methods have been developed, there has been little evaluation of the 
errors, because it is difficult to verify whether the estimated shrinkage is indeed correct, 
especially at the pixel level, because in most cases the shrinkage is not solely radial or 
tangential, but takes place in both directions. Nevertheless, it is fair to assume that if the 
moisture gradient measured is confirmed by another method, then the shrinkage 
measurement and compensation are correct. This is the principle applied in Paper I. 
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In recent years, there have been reports of attempts to study the MC in wood using X-
ray by applying the principle of dual-energy X-ray absorptiometry (DXA), which, when 
applied to CT, is often referred to as dual-energy CT (DECT). The theoretical basis of 
DXA, and therefore of DECT, lies in the different level of attenuation that matter 
experiences, depending on the energy of the X-ray and the chemical composition of the 
material. The probability of photoelectric interactions occurring is dependent on the 
energy of the X-ray photon and the atomic number of the scanned matter, whereas the 
probability of a Compton interaction depends on the energy of the X-ray photon and 
the electron density of the scanned material. The probability of any of the two 
interactions occurring therefore has an X-ray-dependent component (energy of the X-
ray) and a material-dependent component (atomic number in the case of photoelectric 
effect and electron density in the case of the Compton effect). For a given energy, the 
mass attenuation can therefore be defined as the sum of the contributions of each type of 
interaction (including coherent scattering, which contributes in a small proportion and is 
usually ignored). Two measurements at two different energies provides a system of two 
equations with two unknowns that would allow the material to be characterized on the 
basis of the photoelectric and Compton effects. If the energy of the X-ray is modified 
while the composition of the material is kept constant, the proportions of the different 
interactions occurring will be different, as explained by Hsieh (2009). The relationship 
between the energy of the X-ray and the proportions of each of the interactions can be 
seen in Figure 14.  

Figure 14: Approximate percentages of the different kinds of interactions between an electron and 
an atom in water as a function of energy according to Hsieh (2009) 
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Basis functions other than the Compton and photoelectric interactions can be used to 
define a material. In DECT, a material is usually defined by the contributions to the 
attenuation from different basis material components of the scanned material, an 
approach known as basis material decomposition. In the case of wood and moisture, the 
basis material components can be considered to be the wood substance and water so that: 

 = · + · (3) 

where μ/ρ is the mass attenuation, and a and b are the contributions to the mass 
attenuation of wood and water respectively. According to Jackson and Hawkes (1981), 
the mass attenuation of a material can be calculated from the gravimetric proportional 
sum of the mass attenuations of its components. The contributions of the mass 
attenuations of wood and water to the total mass attenuation of moist wood are then 
independent of the energy of the X-rays and dependent only on the gravimetric 
proportions of the components. By writing Equation 3 for two different X-ray energies, 
a system of two equation could be set with two unknowns, a and b, which in turn 
express the gravimetric proportions of wood and water. The ratio of the proportion of 
water to the proportion of wood substance is the dry basis MC.  

DECT has not been explored in depth for measuring MC in wood, but there are several 
reports where DXA has been used to measure MC in wood using X-ray scanning 
devices. The first examples were studied using wood chips (Hultnäs & Fernandez-Cano, 
2012; Kullenberg et al., 2010), and further work was done on small specimens of solid 
wood (Tanaka & Kawai, 2013; Tanaka, 2015). These studies show large differences in 
their prediction abilities, which is sometimes very poor. Tanaka (2015) is a peculiar 
example that must be considered carefully because of a possible error in the article. Even 
though it reports a SEE of 2.2 percentage points, new calculations were performed with 
data extracted from Figure 4 in Tanaka (2015), and they give instead a SEE of 11.4. At 
the time of writing of this thesis, the question is under discussion and a reply is awaited 
from the corresponding author. Kim et al. (2015) used a similar approach, but they 
applied a digital detector instead of using X-ray film, and reported a Root mean square 
error (RMSE) of prediction of 3.1 percentage points in the 28-173% MC range. 

A step forward was taken by Lindgren, Seifert & Du Plessis (2016) who were the first to 
study the technique focusing on CT, instead of a conventional X-ray device. They 
developed theoretical calculations that show the feasibility of DECT for measuring MC 
at the pixel level, but no experiments are reported in their article. Theoretical reasoning 
suggests that the method has a great potential, and DECT was therefore considered for 
tests with the medical CT scanner available at LTU in Skellefteå. Paper V is thus the first 
study of this technique using a medical CT scanner. 
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There are two different approaches in the published reports. The first examples of DXA 
to measure MC in wood makes use of a parameter k ,which is the ratio between the 
linear attenuation coefficients of the same object in the same conditions exposed to two 
different X-ray scanning energies, and taking the natural logarithm:  

= , /  (4) 

where μi is the linear attenuation coefficient at energy level i and I0,i and Ii are the 
intensities of incident and transmitted X-ray beams, respectively. Kullenberg et al. (2010) 
defined the parameter k as  = (5) 

where the sub-indices 1 and 2 refer to the tenergy levels used.  

On the other hand Tanaka & Kawai (2013) and Tanaka (2015), compared the greyscale 
intensities in the X-ray images to the greyscale of a material with known linear 
attenuation coefficient. A specific greyscale value could then be given to the thickness of 
the material that shows the same greyscale intensity value, the equivalent thickness being 
used as a parameter to predict MC. 

Using the reference of wood and water, it should be possible to directly apply Equation 
3 with two energy levels and solve the system of equations, but this method requires 
extremely high accuracy in the measurements, which is not technically possible today, 
and great homogeneity in the scanned material, which is never the case with wood. 

5.4 DECT to measure MC in wood 

The feasibility of DXA and DECT to measure MC in wood has led to long discussions 
and there are doubts regarding the physics behind the method. The main question is 
whether the difference in attenuation between water and wood substance can be 
sufficient to enable the MC to be calculated with DXA or DECT with a useful level of 
accuracy. All the research reported previously has considered wood to be a compound 
formed by carbon, hydrogen and oxygen with invariable proportion between species 
(Tanaka & Kawai, 2013). Rowell (1984) established that this proportions were 50% 
carbon, 6% hydrogen and 44% oxygen with traces of metal ions. Nevertheless, the 
interactions with wood are responsible for the attenuation of the X-ray intensity, and the 
probability of those interactions occurring ultimately depends on the electron density and 
on the effective atomic number, which, in turn, are dependent not only on the 
proportion of each component in the material, but also on the way in which these 
components are linked, which can influence the effective atomic number. Small 
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variations in the interactions are expected, for instance, with features of the wood such as 
knots, earlywood-latewood, juvenile wood or reaction wood. Images from both X-ray 
scanners and CT scanners will contain noise and a scatter in the values of the pixels even 
when scanning a phantom, which is assumed to be almost perfectly homogeneous. On 
the other hand, the differences in attenuation between wood and water are not large. In 
medicine, which is the field in which DXA and DECT are applied successfully, the 
substances of interests are water (soft tissues), calcium (bone) and iodine (contrast agent 
usually injected into patients). Figure 15 the attenuation of substances used in medicine 
and wood at different MC levels calculated with the Matlab package written by 
Tuszynski (2006), based on X-ray mass attenuation coefficients found in Hubbell & 
Seltzer (1995). The plot shows that wood and water overlap each other if calcium and 
iodine are taken into account to establish the scale of the graph. Figure 16 shows the 
same graph, but only for wood and water over the range of energies in which the CT 
scanner used in this thesis work. The differences in attenuation are very small. Should 
this be studied with an X-ray device, great precision and accuracy would be required, as 
well as great homogeneity in the scanned material. An X-ray machine could partially 
solve this problem, because the scanning could be made through averaging and thus the 
noise or artefacts could be minimized. This is more difficult with CT scanners, but it is 
nevertheless to some extent possible. In the case of the medical CT scanner used in this 
thesis, the processing algorithms and filters used to produce the CT image are proprietary 
and thus unknown, and this adds further uncertainties. It is thus uncertain how useful the 
method can be using medical CT-based equipment. 

Figure 15: Mass attenuations of water, wood, calcium and iodine as functions of the energy 



40 

Figure 16: Mass attenuations of water and wood at different MCs as a function of the energy in 
the range of the average energies of the scanner used in this thesis 

Although the MC is often expressed as a percentage, this is not mathematically true. This 
results in confusion regarding the ability of the model to estimate MC. If it is 
mathematically accurate and a model is reported to be able to predict MC with an error 
of estimate of, say, 5%, then when predicting a MC of 20%, the error of estimate should 
be 0.1 percentage points, as it is then often obvious that the authors mean five 
percentage points and not 5%. These ambiguities are often easily understood, but in the 
case of DECT, reports show very large errors of estimate and confidence intervals, and 
this requires clarification. 

6 Equipment 

This thesis is organized around the use of a medical CT scanner Siemens Somatom 
Emotion Duo, adapted for use with wood materials. The scanner itself and its software 
has not been modified, but the laboratory facilities were equipped with hardware to 
allow working with large specimens. 

A climate chamber was also used for drying and, in some cases, conditioning the 
specimens. This is a custom-made piece of equipment analogous to an industrial batch-
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drying kiln. The chamber can reproduce any industrial drying schedule, as it is possible 
to set the air velocity, dry bulb and wet bulb temperatures, and to program different 
phases, including thermal modification up to 250° C. It can also be combined with the 
CT scanner so that the wood can be scanned during the drying process. Figure 17 shows 
the CT scanner and the kiln. The scanner can be moved so that the kiln’s drying 
chamber (the cylindrical part) is located within the gantry of the scanner, and the 
material drying inside can thus be CT-scanned. 

Figure 17: CT scanner (left) and climate chamber (behind). The scanner can be displaced towards 
the kiln until the drying chamber is within the gantry of the scanner 

Other equipment and software were used for experiments and data processing: 

• Termaks TS 8024 laboratory drying oven
• Mettler Toledo ME 4002 precision balance
• Climate chamber with Jumo Dicon PR D95630 controller
• Fiji software and its previous version, ImageJ (Schindelin et al., 2012)
• MOIRE software for DIC (Opticist, 2015)
• QCAD (Mustun, 2016)
• MATLAB
• Microsoft Office suite
• LibreOffice suite

7 Materials 

The species chosen for the experiments performed in this work were mainly Scots pine 
(Pinus sylvestris L.) and Norway spruce (Picea abies (L.) Karst.), which are the two most 
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important commercial wood species in Sweden. The specimens were taken from dried 
sawn timber and from un-dried sawn timber and logs that had been kept frozen, so that 
experiments could be performed on green wood. The specimens of both species were 
collected from local sawmills in the Swedish counties of Västerbotten and Norrbotten.  

In some parts of the research, brittle willow (Salix fragilis L.) and shining gum eucalypt 
(Eucalyptus nitens Deane & Maiden) were also used. Brittle willow was interesting 
because of its low density and high MC in the sapwood in the green state. The 
experiments in which it was used sought to monitor the same specimen of wood over 
the widest possible range of MC, and sapwood from brittle willow had a green MC 
above 200%. The tree was felled in a private garden in Bureå, northern Sweden. Shining 
gum eucalypt was interesting because of the extreme difficulty its drying entails because 
the species is very prone to collapse, leading to severe defects such as checks and 
honeycombing. The eucalypt specimens were shipped in the green state from Chile. 

 

8 Methods 

8.1 The Watanabe method 

The estimation of MC through the Watanabe method is made using a CT image at the 
MC to be determined (moist-state image) and another CT image of the same wood 
region at 0% MC (OD image). The OD image, or source image, is edited to match the 
shape of the moist-state image, or target image, with a registration algorithm developed 
by Schindelin et al. (2012) and Schindelin et al. (2015), in Fiji software and its previous 
version, ImageJ. After registration, a pixel at a given location in one image corresponds 
to the same wood region as the pixel in the same location in the other image. The CT 
numbers of a water phantom that was scanned with the specimen and those of the air 
surrounding the specimen are used as reference to convert the pixel values to densities. 
The next step is to correct the adjustments which the registration algorithm needs to 
make in the pixel values through interpolation to adapt to the varying number of pixels 
between the source image and the target image. DIC is used for this purpose, and this 
gives a shrinkage coefficient for each pixel that can be implemented in the calculation. 
The DIC to obtain strain values was made in MOIRE, an open source software that has 
been discontinued, but other DIC software could provide similar results. After the 
corrections, the images can be considered as simple matrices where each pixel is an 
element of the matrix. A given element then corresponds to the same wood region in 
both images, and its value represents density. The MC for each pixel can then be 
calculated with element-wise operations, which were performed in Microsoft Excel, 
according to the equation: 
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 = , −  , ,  (6) 

where Dn,m is the element n,m in the matrix D, which corresponds to the pixel value of 
the pixel n,m in the moist-state image and, therefore, to the density of the voxel n,m in 
the moist specimen. D0 n,m is the equivalent for the OD state.  

The method is explained in more detail in Paper I and, originally, in Watanabe et al. 
(2012). The results of these calculations were presented in Paper I, with gravimetrically 
determined MC in local regions according to a method proposed by Esping (1988), 
which is widely used (Figure 18). Even though the method provides MC values at the 
pixel level, it was not possible to compare the results with gravimetrically measured MC 
for each pixel, and the pixel clusters equivalent to Esping’s regions were used instead.  

 

Figure 18: Specimen preparation for the OD gradient measurement method described by 
Esping (1988) 

 

8.2 The Hansson-Fjellner method for shrinkage determination 

The first step in the Hansson-Fjellner method is to determine the radial and tangential 
directions in a CT image of the cross section of sawn timber. The algorithm inspects a 
5 x 5 pixel region in the image and finds the predominant direction of the most abrupt 
gradient of colour intensity in the picture, which translates to density in the specimen. In 
a CT image of a cross section of timber where the annual rings are visible, this direction 
corresponds to the radial direction. Perpendicular to this is the tangential direction. Once 
the directions are determined, the algorithm identifies characteristic points that can be 
located in both images along those directions, so that the shrinkage between the images 
can be calculated. These values of tangential and radial shrinkage are assigned to the 
central pixel of the 5 x 5 pixel region under consideration, until all the pixels that show 
wood get their shrinkage coefficients assigned.The entire process is implemented in 
Matlab functions and scripts. Paper II more thoroughly describes the mechanisms of 
the method. 
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8.3 The Hansson-Fjellner method for MC determination 

The basic mechanism is similar to the Watanabe method. The moist-state image is 
registered to match the OD image with an image-processing algorithm written in C++. 
The coefficient for shrinkage compensation is also needed after this registration step, but 
to avoid an otherwise likely mistake, it should be noted that this method does not use 
the Hansson-Fjellner method for shrinkage compensation. The methods are 
independent and they are used for different things. In the Hansson-Fjellner method for 
MC determination, the coefficient to compensate for the deformation due to shrinkage 
is obtained through a polygon-clipping algorithm that processes the deformation 
information obtained from the registration algorithm to find how similar regions of the 
wood specimen are depicted in the different images. The algorithm computes the 
relative locations of the vertices of polygons depicting the same wood region, calculates 
how their positions have changed, and thus calculates shrinkage. A value for shrinkage is 
assigned to each pixel and the MC calculations can therefore be performed at the pixel 
level in a similar way to the Watanabe method. Figure 19 shows the different stages of 
image processing. The method was used in Papers III and IV, in which it is described. A 
more thorough description can be found in Hansson & Fjellner (2013). 

Figure 19: The registration procedure showing different stages of the Hansson-Fjellner method for 
MC determination: (a) a cross-section view of a wood specimen at the MC to be studied, (b) the 
same cross-section view at 0% MC, (c) the registered shape (the view from (a) geometrical 
transformed to match the shape of cross-section view in (b)), and (d) the MC image, i.e. the 
registered shape with the estimated MC in each pixel. The pixel-wise calculation of the MC is 
based on mass data extracted from pixels in images (b), and (c) which have the same spatial 
location in the specimen 
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8.4 DECT for MC determination 

This is the only method used during this work that does not require the use of two scans 
of the wood specimen at two different MCs. Instead, two scans are performed in a very 
short time (around 3 s), with different acceleration voltages (80 kV and 130 kV). The 
short time guarantees that there is no drying between scans and no displacement of the 
specimen or scanner, assuring complete correspondence between pixel and voxel 
location in the specimen in both images. No registration process is therefore needed. 
The two images look alike to the eye, but small differences exist between them due to 
the different attenuations that the X-ray undergoes because of its different energies in the 
scans. The parameter k is obtained as the quotient of the CT numbers in pixels that are 
in the same location in both images. This parameter k is in theory related to MC 
through a calibration function that can be obtained by scanning specimens at several 
known MC levels with the two energy settings. With the correlation function, MC at 
the pixel level can be inferred from other CT images taken in a similar way. The 
description of this method applies to the use of the specific medical CT scanner used in 
this work. This method is described in more detail in Paper V. 

 

9 Results 

9.1 Shrinkage estimations 

Figure 20 shows the shrinkage in the radial and tangential directions on pine and spruce 
calculated by the Hansson-Fjellner method for shrinkage determination together with 
the shrinkage obtained through direct measurements in CT images with CAD software. 
Table 1 shows the RMSE for radial and tangential shrinkage calculated from the CT 
images by the algorithm and by direct measurement with CAD software. Shrinkage is 
expressed as a decimal. 
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Figure 20: The percentage shrinkage in the radial and tangential directions for pine and spruce at 
different initial MCs calculated from the CT images and measured directly with CAD software 

Table 1: Root mean square error (RMSE) of the shrinkage calculated with the algorithm with 
respect to direct measurements in CAD software. Shrinkage expressed as a decimal 

Direction Species
Initial EMC 
conditions 

RMSE 

Radial 

Pine 
15% 0.0013

8% 0.0069

Spruce 

Green 0.0051

15% 0.0044

8% 0.0039

Tangential 

Pine 
15% 0.0045

8% 0.0052

Spruce 

Green 0.0091

15% 0.0029

8% 0.0055
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9.2 MC estimations 

Figure 21 shows a plot of the MC calculated from the CT images using the Watanabe 
method versus the reference OD measurements. The MC estimation followed a linear 
function with a coefficient of determination R2=0.93. Compared with the OD-obtained 
MC, the model-obtained MC shows a root mean square error (RMSE) of 1.4 MC  
percentage points. 

Figure 21: MC values obtained with the computed tomography (CT) obtained using the 
Watanabe method plotted against the oven-dry data (OD)  

Figure 23 shows profile plots of MC through the thickness of six specimens of Scots pine 
sawn timber, with values obtained at the pixel level using the Hansson-Fjellner method 
for MC determination. The average MC of ten regions in the central part of the timber 
(Figure 22) is calculated from the pixel-wise MC values, and these ten values are used to 
generate the MC profile plots. Figure 23 shows the MC profile plot at three key 
moments during the conditioning regime of drying: at the start of the conditioning 
regime, after about seven hours of conditioning, and at the moment of minimum MC 
gradient (MCgrad), a quantitative characterization of the gradient calculated according to a 
procedure detailed in Paper III. In specimens C1 and A2, the moment of minimum 
MCgrad was coincident with the last and first scans during the conditioning regime, 
respectively. Specimens A1, B1, and C1 were dried together in a drying run with a final 
target MC of about 18%, whereas specimens A2, B2 and C2 were dried in a run with a 
final target MC of about 8%. 



48 

Figure 22: Example of the ten regions used to calculate the MC gradient through the 
thickness of sawn timber 

Figure 23: Profile plots of MC through the thickness of six specimens (named A1-- C2) at three 
different moments during conditioning: at the start of conditioning (dashed blue line), when 
the MC gradient is a minimum (dashed green line) and after about seven hours of conditioning 
(solid red line). Sections in the horizontal axis refer to the sections exemplified in Figure 22. A 
shaded area indicates the presence of sapwood in the section. For specimens C1 and A2, the 
moment of minimum gradient also happens to be the last and first scans of the conditioning, 
respectively 
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Figure 24 shows the result of calculating MC with the DECT method for MC 
determination and compares it with values of MC obtained with the gravimetric method 
for Scots pine, Norway spruce and brittle willow.  

Figure 24: Observed versus predicted plots of MC calculated with the dual-energy method for 
MC determination detailed in Paper V and with the gravimetric method 

10 Discussion 

The objective of the research presented in this thesis has been to develop a method for 
the pixel-wise measurement of MC in wood based on CT data and to evaluate the 
possibility of making such measurements in real time. Two different approaches have 
been studied in the attempt to reach that objective.  

The first approach was to edit two images of the same piece of wood at two different 
MC levels to achieve pixel-by-pixel correspondence and to make possible the calculation 
of MC using the volume and density data of the voxels in the same pixel-location in the 
two CT images. This approach was based on image registration, an image editing 
technique that can modify a CT image of wood in the wet state to achieve pixel-by-
pixel correspondence with another image of the same piece of wood in an absolutely dry 
condition. This makes possible a correct pixel-wise comparison between the images in 
MC calculations. The Watanabe method and both Hansson-Fjellner methods follow 
this approach. 

The second approach sought to avoid the need to perform two scans at different MC 
levels, and thus avoid the need for image editing. DECT scanning is a method that could 
potentially fulfil those conditions, since it involves CT scanning the same region of wood 
at two different X-ray tube voltages in a very short time span (shorter than 5 seconds in 
this case). The hypothesis was that it should be possible to separate the wood and water 
components on the basis of these two measurements, and thus make it possible to 
calculate the MC. 

Both approaches were introduced earlier by other researchers. The work described in 
this thesis contributes to the further development of these methods towards accurate 
pixel-wise MC measurements in the laboratory and, in the long term, for industrial use. 
These contributions are: 
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• The verification of the Watanabe method for the use at MC as low as 6.5 %, 
which is a more common range of MC in industrial applications. The 
Watanabe method was originally developed and verified for MC levels 
above 19%. 

• The Watanabe method was here applied for the first time in a medical CT 
scanner. This has the potential to be an advantage in an industrial environment, 
where more complex systems requiring long scanning times would not maintain 
the speed of operation. 

• The further development and verification of the Hansson-Fjellner method for 
shrinkage measurements, and the implementation of the procedure in the 
Watanabe method. 

• After its introduction by Hansson & Fjellner (2013), the Hansson-Fjellner 
method for MC determination was applied for the first time and the results 
were used in projects aiming to improve the industrial drying process.  

• Evaluation of the DECT method for MC determination in wood with a 
medical CT scanner and with X-ray in general.  

A methodological issue arose in nearly all the experiments in this project: it is impossible 
to compare the MC value obtained at the pixel level with reference values for the 
volume the pixel holds obtained through, for instance, the gravimetric method. It is not 
possible to physically divide a piece of wood into the volumetric regions that pixels of a 
CT image show and then measure the MC of those regions individually. For that reason, 
the MC at the pixel level is used in larger regions and is in some cases compared with 
references equivalent to those regions. Similar reasoning can be applied to the shrinkage 
coefficients if they are to be evaluated independently.  

It is not possible to carry out a statistical analysis of the accuracy and precision of the 
pixel-wise MC and shrinkage values. The results were instead either compared with 
larger local regions (Papers I and II), or were used in a study of the MC gradient 
throughout the cross section of the sawn timber (Paper III), where the actual values of 
MC were not as important as the evolution of the gradient through the timber and the 
development of an experimental method. Not being able to achieve a pixel-wise MC 
measurement and instead having to use clusters of pixels is a drawback for an accurate 
analysis of the MC distribution and gradients. Nevertheless, for the study of industrial-
scale cross sections, clusters of pixels in the images can be used and they provide relevant 
information about the MC distribution, as shown in Paper III. The use of an analytical 
method for the measurement of the gradient inspired by Esping’s method shows 
promising results for future research. The five central specimen sections shown in Figure 
18 are in most cases not sufficient to enable the MC gradient to be studied at the level of 
accuracy expected, especially when working with large thicknesses. The possibility of 
using more sections in the CT analysis, as was done in Paper III, makes it possible instead 
to adapt the method to a given thickness in each section and to trace MC profile plots 
with consistency even with different specimen cross-section thicknesses.  
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The work presented in this thesis has followed a path that started with the MC 
determination by the Watanabe method, followed by an improvement in the process of 
calculating shrinkage coefficients, continuing with the MC determination by the 
Hansson-Fjellner method, which in turn is a great improvement over the Watanabe 
method in terms of usability, and, finally, the testing of the applicability of DECT as a 
method for MC determination.  

 

10.1 MC determination through the Watanabe method 

This method uses the deformation of the images to calculate a shrinkage coefficient for 
each pixel between two CT images at different MCs. This coefficient is then used to 
mathematically compensate for the pixel-value change during the registration process 
that matches the shapes of the two images.  

The statistical analysis of the results of calculating MC by this method shows that it has a 
precision good enough for use in most applications for the determination of MC in 
wood research as average values of larger regions. Paper I used this method for the first 
time in a medical CT scanner studying low MC levels compared with the original 
source. It was suspected that at a low MC level, the shrinkage the specimen will suffer 
when dried to 0% MC to be re-scanned could be too small in relation to the errors of 
the CT measurement, and it was therefore necessary to test the method at low MC 
levels. The method was indeed found to be rather impractical. It requires a long time for 
each scan, which includes calculation of a shrinkage coefficient at every pixel so that it 
can compensate for alterations in the intensity (greyscale level in the image) that occur 
during the registration. To calculate the MC of a single scan is long and tedious, with 
great risks for mistakes and inconsistencies originating in the data manipulation between 
different pieces of software, which is rather manual. For a single scan of the cross section 
of a specimen, the images need to be exported as matrices, and the pixels corresponding 
to wood need then to be selected manually in spreadsheet software, exported to the DIC 
software and the results implemented again in the spreadsheet calculation of the MC. It is 
rather unlikely that the next specimen will be processed in a consistent way regarding, 
for instance, the transition in the regions between air and wood in the image. Using the 
Watanabe method, it was found that the edges of the boards must be cropped to avoid 
artefacts caused by the Gibbs phenomenon (see section 5.2). This suggests that, when the 
wood specimen is drying, the MC calculated using CT could be higher than that 
calculated using the oven-dry method in the superficial regions of the CT-scanned 
wood. The opposite effect is expected if the tests are performed while the wood 
specimen is being re-moisturized. This was especially noticeable when the difference 
between the two methods was considered in the outermost regions of the wood 
specimen, such as the sub-samples to the left and right in Figure 25. Nevertheless, the 
results in Figure 25 show that the MC of the superficial regions is underestimated by the 
Watanabe method. Different techniques for cropping the edges were tested (although 
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not reported in Paper I), in order to reduce the cropped area, but they did not show 
relevant differences in the final result. The cropping was done manually for each image, 
which, again, was a long process, another possible source of inaccuracy, and another 
impractical step. The shrinkage was calculated from strain data obtained using a formula 
based on DIC developed by Watanabe et al. (2012). It was, however, found that the 
DIC method was accurate and did not introduce any severe errors in the shrinkage 
measurements. It is suggested that the Watanabe method shows errors that may be 
related to the location of the estimated area in the cross section. This issue was not 
further studied because the Hansson-Fjellner method showed a better potential.  

Figure 25: Example of difference in the MC calculated by the Watanabe 
method (upper) and by the oven-dry method on the same piece of wood (lower) 

The practical complexity of the Watanabe method motivated the search for alternative 
methods that implement all the steps of the process: image registration, shrinkage 
calculation, compensation of the images and MC calculation, in order to make it possible 
to reduce data-processing errors and make the shrinkage/swelling compensation in the 
evaluation of CT data less time-consuming. If experimental mistakes did occur in the 
Watanabe method, it would only be possible to find them after the entire MC 
calculation process had been completed and the results compared with those from a 
reference oven-dry measurement. This would require a manual revision of the 
calculations, which would add to the time taken to perform them. The Hansson-Fjellner 
method for shrinkage determination was shown because it was considerably faster and 
the correction of eventual mistakes not as dramatic as in the Watanabe method.  
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10.2 Shrinkage calculation 

Quantitative evaluation of the deformation caused by the shrinkage is needed to 
determine the MC not only in the Watanabe method, but also in the Hansson-Fjellner 
method for MC determination. There is also a general interest in the possibility of 
measuring detailed (or even pixel-wise) shrinkage and swelling in wood that could be 
applied in, for instance, studies of deformation and cracking during drying, which are 
related to the tensions and stresses generated within a single piece of timber during the 
drying process. The present studies make it possible to calculate shrinkage through a 
single piece of software, as opposed to the Watanabe method and previous experience 
that requires the use of up to three different pieces of software in several steps. The 
values obtained can be applied at the pixel level and implemented in methods for MC 
determination that require the shrinkage coefficient or used directly to study dimensional 
changes during drying. This was the first time the Hansson-Fjellner method for shrinkage 
determination had been evaluated after its original publication, and the first time it was 
compared with shrinkage calculations based on data obtained from direct measurements, 
in this case with CAD software in CT images. 

The further development of the Hansson-Fjellner method greatly simplifies the 
estimation of shrinkage compared to the Watanabe method. A single piece of software 
can provide shrinkage coefficients at the pixel level and easily generate output data to be 
implemented in other processes within the same software. Further development would, 
however, be needed to include the calculation of shrinkage in the MC determination. 
Nevertheless, the Hansson-Fjellner method for MC determination is already being used 
in an unpublished pre-test and is showing the potential to become a more practical 
methodology.  

The working principles of both the Watanabe and the Hansson-Fjellner methods are 
similar: using the density and volume information extracted from the CT images to 
calculate the difference in mass between dry and wet stages of the specimen. However, 
because of its accuracy and ease of use, the Hansson-Fjellner method for MC 
determination was chosen to be applied in subsequent tests.  

 

10.3 MC determination through the Hansson-Fjellner method  

The determination of the MC by the Hansson-Fjellner method is similar to the 
Watanabe method in that it compares the difference in density between two images at 
two different MC levels. The difference is that the shrinkage is calculated in the x- and 
y-directions of the image in the Hansson-Fjellner method, but in the radial and 
tangential directions of the wood in the Watanabe method. The Hansson-Fjellner 
method for shrinkage calculation can be implemented in procedures such as the 
Watanabe method, but the calculation algorithms processes the shrinkage parameter in a 
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different system of coordinates, which, in principle, does not have a great influence in 
the MC determination. 

The Hansson-Fjellner method for MC determination was applied to determine relatively 
small MC changes in local regions of sawn timber in a project to optimize industrial 
sawn-timber drying. The method provided MC information that made it possible to 
study the development of a MC gradient during drying. Paper III used this method to 
provide the first quantitative study of the evolution of a MC gradient through a cross 
section of sawn timber during the conditioning regime of drying, where the MC 
changes are very small and must be measured with high precision. 

There is no standard procedure for measuring the MC gradient within a single piece of 
sawn timber, but the results obtained using this method show that it would be possible to 
develop such a standard. The Hansson-Fjellner method gives pixel-wise values of MC in 
the cross section of the sawn timber (see e.g. Figure 19d), but it is also possible to use this 
method to study the MC distribution in 3D reconstructions of the sawn timber if several 
cross-section images in the length direction of the sawn timber are combined. The most 
important issue that would need to be solved in a standard to measure MC gradient 
based on the Hansson-Fjellner method is the location (especially in relation to the pith of 
the tree), and shape and size of the regions of interest for gradient analysis, for which 
Esping’s method conveniently provides a basis. It would also be convenient to determine 
the image resolution required in the measurement and scanning thickness, which 
determines how the specimen would be converted into a collection of voxels. Such 
parameters would provide a precise and repeatable method for gradient measurements in 
sawn timber. 

In order to quantitatively evaluate the cross-sectional MC gradient, regions of pixels 
were studied so that the gradient could be compared and evaluated quantitatively. 
Applying Esping’s method to determine MCgrad makes this possible (see section 8.1). It 
must be noted, however, that the geometry of the regions used in Paper III to calculate 
MCgrad differs from that in the Esping method as shown in Figure 16, which was decided 
based on the volumetric partition a standard could require. In the studies presented in 
Paper III, a moisture gradient was quantitatively determined at different stages during the 
conditioning regime so that the time of minimum gradient could be determined. With a 
single sawn-timber piece, the aim of the conditioning regime is to achieve the minimum 
possible moisture gradient, as well as to eliminate stresses. Stresses cannot, however, be 
evaluated by CT or other equivalent non-destructive methods. 

Paper IV shows that the method cannot be used for wood species with extreme drying 
distortion. The aim of the project was to test the Hansson-Fjellner method for MC 
determination. Eucalyptus nitens is deformed to such an extent that the registration 
process was not possible. The results of the registration were not reported in Paper IV, 
because early in the analysis the registration process was unable to handle the extreme 
deformations, regardless of the different parameters used. It was however possible to 
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calculate the average MC of the entire wood piece and this was a relevant parameter that 
made this he first study of the drying process of any species of eucalypt with CT. The 
results confirmed the common practice in the industry, and also to continue studying the 
optimization of a drying process that is very long and energy consuming compared with 
the drying of Scots pine and Norway spruce. More experiments have now been carried 
out within the project in which Paper IV was included, and the work is continuing 
because of the promising results and the challenge it poses to the Hansson-Fjellner 
method, which could eventually be adapted to these extreme deformations.  

The method proved to be reliable for moderate deformations, such as those with which 
the Scandinavian sawmilling industry deals, and it provided a basis for further 
improvement of the drying process. The determination of MC by this method is more 
practical than those used in previous CT studies, such as for instance, those by Wiberg 
(1996) and Danvind (2005) which required the combination of CT data with digital 
speckle photography of random patterns projected on the cross section of the wood. The 
use of CT has advantages over other non-destructive methods based on radiation because 
CT makes possible the three-dimensional reconstruction of the entire cross section in 
contrast for instance to the limited penetration capacity of microwaves or NIR. 
Compared to NMR, CT is a cheaper technology, the equipment is much smaller, and it 
has shorter scanning times. The convenience of medical CT for studies in wood science 
is also related to the sample size, especially regarding full-size specimens. Even though NI 
can be powerful, it is limited to the study of specimens only a few centimetres in size. It 
has been reported that the possibility of measuring MC with CT in real time is of 
interest and there is a continuing search for and development of new methods. For that 
reason, DECT has also been tested. 

 

10.4 MC determination through DECT 

The DECT method uses the differences in CT numbers at the pixel level in CT images 
of the same region of the studied wood. The images are effectively identical because they 
are scanned at the same time and with no modification of the experimental setup. The 
need for handling of transformations due to shrinkage is therefore avoided. X-rays with 
different energies are attenuated differently by the same matter, and this difference can be 
analysed, and in theory, the proportions of wood and water of the material in a voxel can 
possibly be determined. 

The DECT method has been developed within the field of medicine and has not been 
applied in wood science. Some attempts to use the method for the MC determination of 
wood have been presented in recent publications, but considerable inconsistencies in the 
results are evident amongst these publications. One problem is the determination of the 
actual photon count, which provides the basic data to apply DECT. Other problems in 
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previous studies are the large error of estimation and the inconsistencies between the 
statistical analyses of the different results. 

The aim of the present study was to investigate and evaluate the possibility of 
determining the MC in real time, a condition that DECT could potentially fulfil. The 
novelty of the work was the use of the CT number directly to obtain the parameter k 
and compare it with gravimetrically measured MC to establish a model that can be 
applied for real-time measurement of the MC. Paper V gives a thorough review of the 
published work in the field of DECT for MC measurement in wood, an attempt to 
verify this with the help of a medical CT scanner, and a theoretical analysis of the 
quotient method for MC determination.  

Paper V was originally conceived as a study aiming to evaluate the applicability of the 
method in medical CT, but it soon evolved towards a critical evaluation of the theory 
and of the results in previous publications in the light of the inconsistencies found. It 
concludes that the quotient of linear attenuation coefficients obtained at two different 
energy levels is independent of the densities of water and wood, and thus it does not 
work. Even though the method might still have some prediction ability, it would only 
apply to average MC values of large specimens, because the uncertainty of the 
measurements is much greater than the level of precision required to differentiate 
between wood and water. Further studies are needed. 

 

10.5 Final considerations 

At the beginning of this thesis work, the publication relating to the MC determination at 
pixel level with the use of CT, such as the Watanabe method, or the results presented by 
Danvind (2005) showed procedures that were not at all usable because they required 
complex experimental setups and intricate data processing susceptible to experimental 
mistakes. This thesis provides a basis for the application of techniques to study pixel-wise 
MC through CT scanning, and examples of applications.  

The use of CT for the measurement of MC in wood is challenging and not 
straightforward. Methods are available which can provide information on MC with a 
level of accuracy that may be sufficient for some applications, using e.g. the nominal 
dimension of the sawn timber and the green weight, which can help to classify wood in 
the green sorting so that drying can be adapted, or using more complex technology such 
as neutron imaging or radio-frequency. CT has here however been shown to be useful 
on a laboratory scale and to have a strong potential to be implemented in industrial 
applications. 

Today, the industry is working towards the implementation of fingerprint methods to 
follow the history of a single piece of timber even back to the forest in which the tree 
was growing. The possibility of installing scanning equipment in different stages of a 
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sawmill operation to monitor the internal distribution of MC can definitely improve the 
overall monitoring of the process as well as the efficiency of the drying process, in terms 
of both product quality and energy consumption. This opportunity requires further 
research, because real-time MC measurements are not yet possible. It is hoped that the 
results presented in this thesis have set a new basis to continue in this respect and to raise 
the wood industry to a higher level of performance. 

 

11 Conclusion 

This work has studied and developed methods to estimate the MC distribution using CT 
data, focusing on the use of shrinkage information for the pixel-wise determination of 
MC. The accuracy of such estimations could not be studied statistically with reference to 
gravimetrically measured MC values because of its destructive nature and the 
impossibility of obtaining such small samples without changing the actual MC. The aim 
of the studies was to use the pixel-wise information and process it to establish a method 
to study the MC distribution and gradient. The Watanabe method has been shown to 
estimate MC with an RMSE of 1.4 MC percentage points in local regions of Scots pine 
specimens in the MC range between 6.5% and 25.5%. 

The Hansson-Fjellner method for shrinkage determination can estimate pixel-wise 
shrinkage coefficients that, further processed as average values, show an RMSE estimate 
between 0.0007 and 0.0052 (shrinkage coefficient in decimal format) in relation to values 
calculated from CAD measurements of the same CT images. This would allow the 
shrinkage parameter to be used in MC determination with a method such as the 
Watanabe method. It could also be used by itself, to evaluate the effects of different 
stresses in timber, such as those developing during drying.  

The Hansson-Fjellner method for MC determination has been shown to make possible 
the quantitative analysis of small variations in local MC and the study of internal MC 
gradients in timber during drying. This has made it possible to find optimal conditions 
for the drying and conditioning of sawn timber to minimize the internal moisture 
gradient. 

This work has also studied the possibility of measuring MC in wood with CT in real 
time using the DECT principle, but it has been shown that the physics behind the 
method makes it impossible to estimate MC, because the MC estimation is independent 
of the densities of wood and water and thus material differentiation is not possible. 
Nevertheless, DECT has shown a potential in some limited applications of average values 
of large sample sizes.  

During this project, there was a strong desire to develop the methodologies and 
techniques related to the CT technology available in Luleå University of Technology in 
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Skellefteå so that it would be possible to study the MC distribution in timber as it dries. 
When this work started, the drying kiln adapted to the CT scanner had been standing still 
for almost two years, and little work was in process around the CT scanner. At the time 
of publication of this thesis, several projects are queued up to use both the kiln and the 
CT scanner, most of the projects dealing with MC measurements, for which the 
developments presented in this thesis will be a key. The possibility of easily determining 
the internal distribution of MC in sawn timber opens new horizons for further 
improvements in the drying process, which is a vital part of the sawmill industry.  

12 Future research 

The CT equipment at Luleå University of Technology in Skellefteå is unique 
worldwide. In the future, more work regarding the use of CT scanning is expected with 
the acquisition of new equipment for the CT laboratory: a new CT scanner and a new 
climate chamber with a capacity for cooling down to -60°C. It will then be possible to 
study how the extreme winter conditions in northern Scandinavia affect the industrial 
processing of wood, and, hopefully, improve the performance of the production chain 
through the year, which can show differences in temperatures from -30°C to more than 
+30°C. The use of different methods to measure MC and study deformations will be the 
key to future developments.

If the industrial drying processes can be optimized, the entire chain of production of 
sawn timber will benefit, as other building materials, such as insulating materials, can be 
studied using this method, and their interaction with water can be studied. This issue will 
be relevant, as the climate is changing, and more extreme weather events are expected in 
different parts of the world. The development and use of building materials are always 
related to local conditions, and adaptation to future circumstances will be the key. 

This work has explored techniques focusing on medical CT, but other CT technologies 
such as micro- and nano-CT will be relevant as well in future studies. The adaptation of 
the techniques developed here to those technologies will be an exciting challenge. 

The implementation of a DECT method must also be considered, and more tests will be 
made. Even though the results at this stage are not as promising as would be desired, the 
possibility of real time MC measurements is too attractive not to pursue. For the time 
being, the Hansson-Fjellner method for MC determination is the method of choice for 
future experiments. 
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Abstract
This paper reports recent attempts for implementing non-destructive measuring of moisture 

content in wood based on computed tomography technology. The study focus on an image analysis 
method that has been already proposed and validated in the literature, but it has not been tested for 
measuring low moisture content variations below fibre saturation point. The computed tomography 
method was tested against the oven-dry method. The results show that it is possible to apply this 
technology to measure low levels of moisture content based on a regression model, where the root
mean square error of the model was 1,4 percentage points of moisture content. The method can still 
be improved because the density differences between samples are relatively small in relation to the 
experimental error and the computed tomography precision.

Key words: CT-scanner; image analysis; moisture content; wood drying.

INTRODUCTION
A commonly used method for measuring wood moisture content (MC) is the oven-dry (OD) 

method, which compares the weight of a wood sample at a given MC and after drying it to 0% MC. 
The recommended procedure for applying the OD method is defined by the European standard EN 
13183-1. It recommends cutting wood samples of at least 20mm thick in the direction of the grain and 
drying them at 103±2ºC until the weight does not change more than 0.1% in a period of 2 hours
(Welling 2010). The OD method is usually regarded as the "real" wood MC, but it cannot be used for 
measuring MC on the same wood area more than once during drying.

An alternative is to use electric meters. These types of meters calculate the MC of the wood by 
measuring the electric conductivity between two metallic electrodes that are inserted into the wood.
This allows measuring MC during drying many times on the same wood area, but MC meters based 
on electric conductivity are affected by species and temperature (James 1988), and they are not
reliable for MC above fibre saturation point (FSP) and below approximately 7% (Forsen et al. 2000). In 
general, the precision of electric conductivity meters are between ±1,5% and ±2,5% (Milota et al. 
1990).

A more precise method for measuring wood MC during drying has been proposed and 
implemented at Luleå University of Technology. The system comprises of a Siemens medical 
Computed Tomography scanner (CT-scanner) "SOMATOM Emotion" and a laboratory size drying kiln 
with a cylindrical drying chamber made of aluminium that was specifically designed to fit within the CT-
scanner field of view (Fig. 1). The aluminium permits the X-ray radiation to penetrate throughout the 
drying chamber, thus making it possible to measure the internal density distribution of the wood during 
drying.  

Measuring wood´s MC through the CT-scanner technique is done by following a method that 
works analogously to the OD method. It works by comparing the raw data of two CT-images taken 
from the same area of wood before and after oven-drying. The wood is first CT-scanned to obtain CT-
images of a certain area of wood at a particular point in time. The same area of wood is CT-scanned 
again after oven-drying and it is used as reference to calculate MC. It was demonstrated that the pixel 
values in the CT-images of wood specimens are linearly related to the density of the material 
(Lindgren 1991).
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Fig. 1.

Image: Kersti Bergkvist 

During the drying process, however, wood shrinks if MC reach values below fibre saturation 
point, and it is well known that wood is an anisotropic material that does not shrink evenly in all 
directions (Dinwoodie 2002). Shrinkage is expected to be higher in the tangential than in the radial 
direction of the wood with respect to the annual rings. Even in the same direction shrinkage can be
uneven if there are other features present such as knots, asymmetries in density distribution, and 
reaction wood. As a result, a drying sample will also suffer deformation.

To apply the method described in this paper, the CT-images at a certain MC and after OD must 
fit each other perfectly if they are superimposed. One of the images must be corrected in shape, and
this process in turn modifies the numeric value of the pixels in the image. The method needs to 
operate those values to correct such modification so that the final MC calculation is accurate. This sort 
of compensation is still an issue that has not been completely solved.

The deformation in the images can be reversed by an image analysis process known as 
registration. The registration process "un-warps" one of the images (on our case the image of the OD 
sample) so that it fits the other image (the image of the sample at a given MC, before oven-drying).
Since wood is an anisotropic material it is not possible to use the same shrinkage coefficient for all 
pixels, and this is a key problem that is still unsolved: how to calculate the correct shrinkage coefficient 
for each pixel.

Research has been made in the recent years for trying to solve this problem, and some of the 
developed methods have shown very good results. Watanabe et al. (2012) proposed to use a Digital 
Image Correlation software (Pan et al. 2009) that was first developed for research about the shrinkage 
in dental composite materials during the curing process (Chiang et al. 2010). Hansson and Fjellner
(2013) had a different approach. They calculated the shrinkage coefficient through the technique of 
polygon clipping, which uses displacement information to calculate shape changes in the images.

According to what is found in the literature, these methods have not been tested for low MC.
Measuring wood samples with low MC through CT-scanner techniques might be misleading because 
the density differences between samples are relatively small in relation to the experimental error. 
Therefore, this paper presents the first experimental attempts to measure MC profiles at lower MC by 
using the non-destructive CT-scanner technology available at Luleå University of Technology. The 
results show that it is possible to apply this technology for measuring low MC values, but further 
refinement in the image processing is needed, as well as possible re-calibration of the CT-scanner
operation parameters.

OBJECTIVES
The purpose of this study was to apply the method proposed by Watanabe et al. (2012) to 

measure wood internal MC profiles with the CT-scanner available at Luleå University of Technology in 
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Skellefteå, and compare the results with MC gradients measured through the OD method. The study 
focused specifically in low MC levels.

METHOD, MATERIALS AND EQUIPMENT
CT-scanner technology

A fourth generation Siemens medical CT-scanner "SOMATOM Emotion" is used at Luleå 
University of Technology for non-destructive measurement of wood internal density. The basic 
principle behind the CT-scanner technology is that monochromatic X-ray radiation flowing through a 
material attenuates by following Lambert-Beer´s law (Hendee and Russell Ritenour, 2002); where is 
the attenuation coefficient, I0 is the incident X-ray intensity, I is the intensity of the X-ray after it passed 
the material, and z is the thickness of the material:

z
0 eI=I (1)

If the X-ray passes through a homogenous material, then the previous equation can be used to 
determine the attenuation coefficient, which is a function of both the material’s density and atomic 
number (Jacobs et al. 1992). If on the contrary the material is not uniform, then the exponent in 
Lambert-Beer´s equation becomes the summation of many z (Hendee and Ritenour 2002). This 
makes impossible to deduce the density of the material based on a single source of X-ray radiation.  

The CT-scanner technology has solved the problem by rotating the X-ray source around the 
material so that the X-ray attenuation is measured from many different angles. By making many 
attenuation measurements in the same plane but at different angles it is possible to calculate a 
distribution of attenuation coefficients over a cross sectional area. This is then transformed into a grey-
scale image representing CT numbers. For the case of wood, Lindgren (1991) showed that the CT-
scanner numbers are linearly related to the density. By using a previous generation of CT-scanner,
Lindgren et al. (1992) found that the accuracy of the measured density was between ±2 and 6kg/m3,
but more recent work with a fourth generation of CT-scanner suggested a higher accuracy (Hansson 
and Fjellner 2013).

Watanabe method
CT-images are no more than a matrix of pixels, where each pixel value is translated into a grey 

scale. Images can be calibrated by using air as a reference for 0kg/m3 and water for 1000kg/m3, so 
that a density value for each pixel can be calculated by assuming a linear relationship between these 
two points (Lindgren 1991). If the same piece of wood is CT-scanned before and after OD, then the 
same point in the sample would have a density Du at u% MC and a density D0 at 0% MC. If no 
shrinkage and deformation occurred during drying, then the MC for each pixel can be calculated 
through the following equation:

100
D

DD=MC
0

0u (2)

For this method to work at the pixel level the images must fit each other perfectly after they are 
superimposed. As explained above, this requires compensating pixel values in the images for 
shrinkage and deformation. In the Watanabe method the MC calculation comprises two image 
processing steps: image registration and shrinkage compensation. The geometrical deformation of the 
sample during drying is first corrected through an image processing method called elastic registration. 
In elastic registration an algorithm interprets one of the images (source) as a deformed version of the 
other (target), and then applies an elastic deformation (considering the elastic fields as B-spline 
functions) to fit the source image into the shape of the target. This algorithm is implemented in ImageJ 
software through a plug-in called bUnwarpJ, and is set to use the image measured at u% MC as the 
target image and the image measured at 0% MC as the source image. The result is the un-warped 
version of the image at 0% MC (registered source image) fitting the shape of the image at u% MC.

The second step is calculating a shrinkage coefficient for each pixel. Shrinkage compensation is 
based on the technique of Digital Image Correlation (DIC) implemented with aid of the MOIRE 
software. After performing the DIC process, the software calculates the strains x and y in respectively 
the x and y directions of the image and export the results for each pixel. The shrinkage coefficient Sh is 
then calculated through the following equation (Watanabe et al. 2012):
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yxh +1+11=S (3)

Finally, Sh is used to compensate D0 for shrinkage in Eq.2 (Watanabe et al. 2012):

1001
S1D

D=MC
h0

u (4)

Experimental data
Six 125mm by 30mm Norway spruce samples were collected from the green sorting station at a

local sawmill and transported to the laboratory. The samples were cut into 60 to 100cm long sections, 
end sealed with heat resistant silicon glue, and dried in the laboratory kiln to MC levels between 7,13% 
and 19,67%, as determined after drying through the OD method. The drying schedules were designed 
trying to produce a high MC gradient between the centre and the surfaces of the boards. The dried 
samples were then CT-scanned for measuring density profiles over a cross sectional area located in a
knot free section of the boards. The scan was performed with the CT-scanner parameters set to
110kV, 120mAs, 0.8s scan time, and 10mm slice thickness.

After CT-scanning, three adjacent slabs were cut from the scanned area of the pieces according 
to the procedure illustrated in Fig. 2. The slab in the centre was oven dried and then CT-scanned 
again for using as reference image at 0% MC. The other two adjacent slabs were used for measuring
MC gradients through the OD method as described in Esping (1998) (Fig.3): First two small blocks 
(numbered 1 and 7) are cut from the right and left ends of the wood slices, and then the remaining 
section of the slices is cut into 5 parallel layers from top to bottom (numbered 2 to 6). In the case of 
this study, the MC profile was estimated as the average of the two adjacent slices cut around each CT-
scanned area.

Fig. 2.
Sketch of the sample preparation for MC measurements through OD method and CT-scanning

1

2
3
4

5
6

7

Fig. 3.
Schematic diagram of the procedure for MC gradient measurement
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RESULTS AND DISCUSSION
The results are summarized in Fig. 4. The figure shows the results for the MC calculations of six 

samples, each divided in seven different sections as explained above (Fig. 3). Each of these sections 
is considered as an individual observation, and the MC data calculated through the CT-scanner 
method are compared with the corresponding OD values. The linear regression model between the 
CT-scanner method and the OD values is shown in Fig. 4 as well. The regression model shows that 
the MC values obtained through the CT-method tend to be higher than the values obtained through the 
OD method. The ratio between OD and CT-scanner MC was approximately 0,77, with a R2 of 0,93. In 
actual MC percentage points this also shows that this error is higher for higher levels of MC. 
Nevertheless further statistic calculations show that the model fits with a root mean square error 
(RMSE) of 1,396 percentage points of the MC value.

Fig. 4.
Results of MC gradient measurements with the OD method and with the CT-scanner. Left: 
results for all samples and sections according to the procedure explained in Fig.3. Right: 

regression model between both methods for all sections in all samples.

For illustration, Fig. 5 shows a comparison between a MC gradient measured with the OD 
method by cutting the samples in seven sections and the corresponding digital equivalent performed 
on the CT-scanner image.

One reason for leaving the board external surfaces outside the red rectangles in the CT-
images is that the CT-scanner gives inaccurate measurements in regions with strong density gradients 
(such as the interface between wood and air). By expanding the CT-images in a computer screen, it is 
possible to see that there is 3 to 5 pixels of blurry transition between the wood surfaces and the air. 
This also contributes to the overprediction of the MC, as the surface of the boards removed from the 
images is expected to be dryer than the rest of the wood.

Fig. 5 also shows that distortion of the samples was another problem that led to some wood 
being let outside the red rectangles in the CT-images, although most of the samples did not deform as 
much as the one showed in the example. It was found, however, that trying to minimize the amount of 
material left out during the image processing did not considerably alter the final results.

Distortion patterns also had an effect on the registration step, thus altering all further 
calculations. For example the left graph in Fig. 4 shows abnormal values for sample number 2 if 
compared with the other five samples. This is the only sample that had the pith of the tree within the 
board, which introduced a distortion into the registration step. Removing that sample didn’t improve 
noticeably the final outcome nevertheless, so it was kept.
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Fig. 5.
Example of MC gradient measurements with the OD method and with the CT-scanner

Summing up, the results of this study showed that it is possible to apply the CT-scanner 
technology for measuring low MC values in small regions of wood, but the methodology can be 
improved by refining the image processing step and possibly by re-calibrating CT-scanner parameters.
Future research should evaluate the following factors, which we believed are the most probable 
causes of experimental error:

Inappropriate settings of the CT-scanner parameters
Errors in the computer processing of the image (it is a time consuming and complex process in 
which the errors are only evident in the last of several steps)
Distortion due to pith, compression wood and other features within the sample that might affects 
the image registration process
Errors in the calculation of strain in the x and y directions, which are values used to calculate 
the shrinkage coefficient.

In addition, future research should consider developing a different method for calculation of the 
shrinkage coefficient and implementing it in the registration process. Such method could be based on 
an algorithm that has already been proposed by Hansson and Fjellner (2013). These would simplify
the image processing as all calculations are performed with the same piece of software. 

CONCLUSIONS
The purpose of this study was to evaluate the possibility of measuring the development of wood 

MC gradients during drying by using non-destructive CT-scanner technology available at Luleå 
University of Technology, in Skellefteå. The study focused on an image analysis method that has been 
validated in the literature, but that has not been tested for measuring low MC variations below fibre 
saturation point. Measuring low MC values with the CT-scanner is still an underdeveloped 
methodology because the density differences between samples at low MC and OD conditions are 
relatively small in relation to the experimental error.

The results showed that it is possible to apply this technology for measuring low MC values. In 
particular, the linear regression model developed through this study can be used to calculate MC from 
the CT images with a root mean square error of 1,4 percentage points of MC values between 6,49% 
and 25,49%.

This method has been developed very recently and it has not been studied in depth ever since. 
Consequently, more research is still needed. This includes possible re-calibration of the CT-scanner 
operation parameters, as well as exploring and comparing other alternative methods proposed in the 
literature for image processing.
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ABSTRACT
The aim of the present work was to use the displacement information generated from the spatial
alignment in order to compute wood shrinkage in the radial and tangential directions in computed
tomography (CT) images, and to compare the results with those obtained with computer-aided
design software on the same images. To estimate the shrinkage coefficients from tomography
images, wood specimens in the green state, equilibrium moisture content 15% and 8% state and
oven dry condition were scanned. Specimens were taken from Norway spruce and Scots pine logs.
The root-mean-square-error calculations showed acceptable small differences between the two
measuring methods, which means that the algorithm is a useful tool for estimating the shrinkage
coefficients in radial and tangential direction from CT images. This provides an image processing
tool to monitor the dimensional changes during the drying and heat treatment process.
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Introduction

Wood is a hygroscopic material; which means that it naturally
absorb and desorb water to balance with the relative humid-
ity of its surrounding environment. When wood is freshly cut,
it contains water in two forms: liquid water in the lumen of the
cells and water molecules that are chemically bonded to the
cell walls. When wood drying, liquid water is the first to evap-
orate, during the so-called capillary phase, while bound water
evaporates during the diffusion phase only after no more
liquid water is present in the region. The theoretical point at
which all free water has been removed from the cell cavities
and the only remaining water is chemically bonded to the
cell walls is termed the fibre saturation point (FSP). Below
the FSP, shrinkage occurs when the bound water in the cell
walls decreases, and swelling takes place when the amount
of bound water in the cell walls increases (Siau 1995). These
dimensional changes are anisotropic in the three directions:
tangential to the annual growth rings, radially from the pith
outwards, and longitudinally. The greatest dimensional
change is in the tangential direction, and is for most species
about double that in the radial direction. The dimensional
change in the longitudinal direction is very small and is
often not even considered. The anisotropic shrinkage and
swelling of wood can be inconvenient, for example, in the
estimation of the moisture content (MC) of wood with com-
puted tomography (CT) techniques.

In a CT image, high-density or wet wood appears light grey
towards white, while dried wood appears dark grey. A water
phantom is usually scanned together with the specimen
and the image is calibrated so that the grey-scale shows

water as pure white and air as black. Such a calibration can
be done because the relationship between the grey-scale
values of the image pixels and the density of the scanned
material is almost linear (Lindgren 1992). If the same region
of a wood specimen is CT scanned, oriented perpendicularly
to the longitudinal (growing) direction, under both moist
and complete dry conditions, two grey-scale images are
obtained. As the grey-scale is related to density, the numerical
grey-scale values in the pixels of these two images can
provide information about the MC (Lindgren 1992). Since
wood changes its dimension during drying, the two images
need to be aligned in the same coordinate system, an oper-
ation that is complicated by the anisotropic shrinkage of
wood (Hansson 2007, Hansson and Fjellner 2013, Watanabe
2012). The aim of the present paper is to describe the use
of the displacement information generated from the spatial
alignment of the CT images to compute the shrinkage in
the radial and tangential directions and to compare the
result with measurements made with computer-aided
design (CAD) software in the CT images.

Method

Principle of CT scanning

A CT scanner works simply by passing X-rays through the
wood and receiving information with a detector on the oppo-
site side. In the case of a medical CT scanner (like the one used
in the experiments reported in this paper), the X-ray source
and the detector are interconnected and rotate around the
wood specimen during the scanning period. The main
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reason why X-rays are used for the diagnosis is because sub-
stances differ in their ability to absorb X-rays. Dry or low-
density wood substances are more permeable to X-rays
then wet or high-density wood substances. As a result of
the rotation around the wood object, the linear attenuation
(the reduction per unit thickness of absorber) will be
measured with a fan beam for many different angular pos-
itions. A so-called convolution backprojection procedure is
then applied to the measured attenuations, resulting in a
cross-sectional image of 512×512 pixels in a grey scale form.
The numerical values that define the grey-scale of the
image belong to the Hunsfield (HU) scale and they are
called Hunsfield numbers or CT numbers and they are
defined as

HU = m− mwater

mwater − mair
1000, (1)

where μ is the arbitrary linear attenuation coefficient for the
material, and μwater and μair are the linear attenuation coeffi-
cients for water and air, respectively. A convenient approxi-
mation is that air has a CT number of −1000 Hounsfield
units (HU). The CT numbers of water and air are independent
of the energy of the X-rays and this means that those values
can be set as fixed points for the CT scale. Since the linear
attenuation coefficient is dependent on the density of the
material, the mass attenuation coefficient is often reported
for convenience. Normalization of the linear attenuation coef-
ficient by dividing it by the density of the element or com-
pound gives a value that is constant for that particular
element or compound, called its mass attenuation coefficient.
The mass attenuation coefficient depends on the energy E or
electron voltage of the X-rays used and on the atomic number
Z of the material.

Lindgren (1992) showed that the density accuracy in a CT
scanner similar to the one used in this project is ±2 kg/m3 for
dry wood and ±6 kg/m3 for wet wood, with a dry weight MC
ranging from 60% to 100%. The images used in these exper-
iments were acquired with a Siemens Somatom Emotion Duo
CT scanner located in the facilities at the Luleå University of
Technology campus in the city of Skellefteå, Sweden. The
images had a resolution of 1.28 pixels/mm (pixel size 0.78 ×
0.78 mm2), where each pixel actually represents a small
volume element, or voxel, the depth of the voxel was 10 mm.

Image registration

Wood, like many organic substances, expands and shrinks
with changes in humidity. It only does so when its MC is
below the FSP. If a cross-section of a wooden board or log
is CT scanned at the same position in the axial direction
before and after it has expanded or shrunk, two images
with different intensities and different cross-section shapes
are obtained. Mathematical operations with these images
provide data indicating the density in each pixel and, as the
voxel volume is known because of the scanner settings, the
mass in each pixel can be calculated and therefore, by com-
paring the two images, the MC can also be calculated.
Before the images can be directly compared, combined and
analysed, they must however be aligned into the same

coordinate system so that each pixel of one image correspond
to a pixel in the other image. One method of aligning two
images is called image registration, and it has been
implemented in various studies aiming to the estimate the
MC in wood with the aid of CT images (Hansson and Cherepa-
nova 2012a, Hansson and Cherepanova 2012b, Watanabe
et al. 2012, Couceiro and Elustondo 2015), but little evaluation
of the errors has been performed regarding MC measure-
ments in local regions. In this work an intensity-based
image registration algorithm, developed by Myronenko and
Song (2010), is used. They have shown that their method pro-
vides an accurate registration result on both artificial and real-
world problems. This image registration algorithm yields the
deformation and transformation. A scaling of the density
values must also be implemented (Hansson 2007, Hansson
and Fjellner 2013).

Local annual growth ring orientation estimations

The annual growth ring orientation image algorithm receives
an input CT image and applies a set of intermediate steps on
the image. In the first step, the cross-section tomographic
image is normalized to have a zero and mean unit standard
deviation. The aim of the normalization is to eliminate
image variations that are related to the conditions of acqui-
sition and are irrelevant to the identity of the object. The nor-
malization method often leads to a better view of the wood
structure in the image. In order to understand an oriented
pattern such as wood annual growth rings, the direction
everywhere and the magnitude of the anisotropy (flow field)
must be estimated. The next step in the local annual growth
ring orientation estimation is the calculation of the gradient
of the image, which measures how the image is changing.
The direction of the gradient indicates the direction in
which the image is changing most rapidly. A way to illustrate
this is to interpret the tomographic image of the wood as a
topographic terrain in which each point is given a height
rather than an intensity. For any point in the annual growth
ring terrain, the direction of the gradient would be the direc-
tion uphill. The magnitude of the gradient shows how rapidly
the height increases when we take very small steps uphill. A
structure tensor matrix derived from the gradient which sum-
marizes the predominant direction of the gradient in a speci-
fied region of the image and the degree to which those
directions are coherent, can be used. The structure tensor is
a common tool for orientation estimation in image processing
and computer vision. Derivatives of an image increase the
noise, and this means that the gradient image must be
smoothed afterwards, for example, with a Gaussian filter,
which is widely used in image processing.

However, the differentiation is convolution, and convolu-
tion is associative. Therefore it is better to take the derivative
of the Gaussian filter,

g(x, y) = 1
2ps2

e−(x
2+y2/2s2), (2)

rather than the derivative of the image and this saves one
operation. Köthe (2003) showed that the structure tensor
must be represented at a higher resolution than the original
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image. In this estimation of the local annual growth ring orien-
tations the image was resized five times. The structure tensor
is based, as mentioned, on the gradient of the wood tomo-
graphic image I(x, y), calculated by means of Gaussian deriva-
tive filters, defined as

Ss = f 2x fxfy
fxfy f 2y

( )
, (3)

where fx and fy are the derivatives in the x- and y-directions of
the Gaussian filter convoluted with the image I(x, y). The Gaus-
sian filter has a size of 5× 5 pixels with a standard deviation of
s = 1. Spatial averaging of this tensor is also necessary to
enhance the robustness with respect to the noise. This is
achieved by using a Gaussian filter size of 5× 5 with a standard
deviation of s

′̂ = 1 and leads to the finally structure sensor:

Sś,s = s11 s12
s21 s22

( )
. (4)

The eigenvalues of the matrix Sś,s are given by

l1,2 = 1
2 s11 + s22 +

��������������������
(s11 − s22)

2 + 4s212

√( )
(5)

and the corresponding eigenvectors are

e12 = cos u12
sin u12

( )
(6)

with

u1 = 1
2
tan−1

2s12
s11 − s22

( )
(7)

and

u2 = u1 + p

2
, (8)

where u1 is the local annual growth ring normal orientation,
since it corresponds to the direction of maximum variation,
and this means that u2 is the direction of the tangential orien-
tation of the local annual growth ring.

Local estimation of shrinkage in the radial and
tangential directions

The shrinkage was estimated using the radial (or normal) and
tangential directions to the annual growth ring orientations.
Two points along the radial and tangential directions of the
annual growth ring are selected and the distance between
the points is chosen as the dimension of the Gaussian filter.
The image registration algorithm gives new positions for
these points and the shrinkage in the radial and tangential
directions can be calculated from this information. The
above calculation was performed for each pixel in the wood
area. Afterwards the average shrinkage value was calculated
for both directions.

Direct measurement of the shrinkage

The CT images were imported into CAD software. In those
samples where the pith position was not visible, it was

estimated by calculating the position of the centre of the arch
that the annual growth rings form. The angle from the pith of
the specimen to the edges was measured before and after
shrinkage, as were the radii from the centre of the specimen.
The length of an arch with radius equal to the average value
of the radius of the disc can then be calculated. The radial shrink-
age was calculated from the radii of the specimens before and
after shrinkage, and the tangential shrinkage was calculated
from the length of the arch calculated as explained above.

In the case of spruce samples, a series of additional speci-
mens from adjacent regions of the same wood specimen
were cut to be purely tangential and radial in the green con-
dition, and these were used to measure the shrinkage with a
calliper in the two directions by drying them to 0% MC, and
thus provide an extra reference value for the total shrinkage
from above FSP to oven dry 0% MC.

Test materials

The material was selected from Norway spruce (7 specimens)
and Scots pine (10 test specimens).

The specimens were cut from logs. The test samples were
half discs of the whole log circumference with a thickness
between 1.5 and 12 cm. Spruce samples were taken from a
log of ca. 25 cm in diameter and the pine samples were
taken from the top section with diameters of ca. 10 cm. The
differences in the sample characteristics are due to the
search of the best possible sample conditions in order to
avoid cracks during drying. All the samples were found to
be suitable for the tests and they were all used.

Spruce samples were scanned in the green condition, but
not the pine samples. Pine and spruce samples were dried
separately in a laboratory drying kiln. In order to avoid
cracks, the drying schedules were designed to be slow; and
with a long conditioning phase to achieve a uniform MC in
the samples. Both spruce and pine samples were subjected
to the same procedure. They were dried aiming for an MC
of 15% (setting the drying and conditioning parameters fol-
lowing tabulated values of equilibrium moisture content),
scanned and weighed at that MC. They were then dried
further aiming for 8% MC, scanned and weighed. Finally
they were dried to 0% MC, scanned and weighed. The MC
levels that the specimens achieved at the EMC conditions
for 15% and 8% are not precise but, to facilitate understand-
ing, the notation used here is EMC15 and EMC8 for the
samples at the MC acquired under the tabulated EMC con-
ditions for 15% and 8% MC.

Data analysis

Root-mean-square error (RMSE) was used to measure differ-
ences between the two methods.

Results and discussion

Image registration

The upper left image in Figure 1 shows the CT image of test
specimens 2 (Tables III–V) of Norway spruce in the green
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condition. The image shows distinct density differences
between sapwood and heartwood. The upper right image in
Figure 1 shows the test sample in oven-dry condition. A com-
parison between the upper left and the upper right images in
Figure 1 clearly shows the dimensional shrinkage. The lower
left image shows oven dry image fitted into the upper left
image. The lower right image shows the deformation grid.

Local annual growth ring orientation estimation

Examples of the direction of the radial and tangential fields
are shown in Figure 2, where it is possible to see that the
direction of the radial and tangential fields correspond well
with the annual growth rings pattern.

Comparison of the two methods

Tables I and II show the results for the shrinkage coefficients
determined by the two methods for Scots pine at EMC15 and
EMC8. The RMSE values for EMC15 in the radial and tangential
direction where calculated to 0.0013 and 0.0045, respectively,
and for EMC8 to 0.00069 and 0.0052. These values show accep-
table differences between the two measuring methods.

Tables III–V show the shrinkage coefficients data for
Norway spruce in the green state, and at EMC15 and EMC8
conditions. The RMSE values for green state in the radial

and tangential direction where calculated to 0.0051 and
0.0091, respectively. Furthermore, for EMC15 to 0.0044 and
0.0029, respectively, and for EMC8 to 0.0039 and 0.0055.
These values show acceptable differences between the two
measuring methods. Results from both the algorithm and
the CAD measurements can be compared with the direct
measurements made with a calliper on Norway spruce speci-
mens with pure radial and tangential orientations. The
average values for these measurements were a tangential
shrinkage of 0.0840 and a radial shrinkage of 0.0421 from
green to oven dry. This provides an extra reference for
comparison.

Figure 1. Registration of the oven-dry source image (upper right), on to the reference green image (upper left), in the lower left image, and the deformation grid
(lower right).

Figure 2. The fields in the radial (left) and tangential (right) directions.

Table I. Shrinkage coefficients for Scots pine under EMC 15% conditions.

Sample

βr,15 βt,15

M C Δ M C Δ

1 0.0205 0.0214 −0.0009 0.0354 0.0384 −0.003
2 0.0249 0.0231 0.0018 0.0378 0.0381 −0.0003
3 0.0259 0.0232 0.0027 0.0422 0.0376 0.0046
4 0.0242 0.0245 −0.0003 0.0441 0.0373 0.0068
5 0.0201 0.0195 0.0006 0.0372 0.0334 0.0038
6 0.0209 0.0194 0.0015 0.0320 0.0336 −0.0016
7 0.0215 0.0209 0.0006 0.0260 0.0296 −0.0036
8 0.0163 0.0151 0.0012 0.0231 0.0273 −0.0042
9 0.0184 0.0187 −0.0003 0.0278 0.0296 −0.0018
10 0.0200 0.0192 0.0008 0.0379 0.0291 0.0088

M =measured with the CAD software; C = calculated with the algorithm. βr and
βt are the shrinkage in the radial and tangential directions, respectively.
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The scatter plot in Figure 3 shows the residuals for each
measurement, that is, for the both directions, the different
MCs and for the two different kinds of wood. Also, the
scatter plot shows the RMSE, calculated to 0.0046, which indi-
cates on an acceptable difference between the two measur-
ing methods.

There are many factors affecting the experiments, which
make it difficult to achieve high reliability. The anatomical

and compositional variability of wood is usually a challenge
due to the difficulties that it creates in standardizing
methods and procedures when carrying out experiments on
a small scale or aiming at high accuracy measurements. The
small dimensional variation from low MC to 0% MC poses a
problem when the accuracy of the measurements approaches
levels close to the resolution of the images. Such a situation
arose in some of these experiments, so that the minimization
of experimental errors may not necessarily mean a significant
improvement in the accuracy and reliability of the final results.
Nevertheless, it is possible that the results may be improved
with higher resolution scanning techniques, but the utilization
of such techniques usually has other inconveniences such as
the necessity to use very small samples or long scanning
times.

Figure 4 shows that the algorithm underestimates the
shrinkage, however it can be interpreted that this error is
acceptable giving the early stage of development of the
algorithm.

Conclusions

The results obtained by the two methods are consistent. Cal-
culating the shrinkage with CAD software has shown results

Table V. Shrinkage coefficients values for Norway spruce at EMC 8% condition.

βr,8 βt,8

Sample M C Δ M C Δ

1 0.0139 0.0122 0.0017 0.0200 0.0236 −0.0036
2 0.0128 0.0128 0 0.0266 0.0228 0.0038
3 0.0194 0.0128 0.0066 0.0195 0.0220 −0.0025
4 0.0187 0.0158 0.0029 0.0218 0.0232 −0.0014
5 0.0163 0.0154 0.0009 0.0342 0.0220 0.0122
6 0.0217 0.0222 −0.0005 0.0207 0.0224 −0.0017
7 0.0189 0.0118 0.0071 0.0264 0.0215 0.0049

M =measured with the CAD software; C = calculated with the algorithm. βr and
βt are the shrinkage in the radial and tangential directions, respectively.

Table IV. Shrinkage coefficients for Norway spruce at EMC 15% conditions.

Sample

βr,15 βt,15

M C Δ M C Δ

1 0.0232 0.0248 −0.0016 0.0444 0.0490 −0.0046
2 0.0266 0.0256 0.0010 0.0496 0.0470 0.0026
3 0.0290 0.0250 0.004 0.0433 0.0468 −0.0035
4 0.0310 0.0292 0.0018 0.0490 0.0464 0.0026
5 0.0285 0.0252 0.0033 0.0476 0.0469 0.0007
6 0.0330 0.0282 0.0048 0.0466 0.0487 −0.0021
7 0.0302 0.0295 0.0007 0.0565 0.0473 0.0092

M =measured with the CAD software; C = calculated with the algorithm. βr and
βt are the shrinkage in the radial and tangential directions, respectively.

Table II. Shrinkage coefficients for Scots pine under EMC 8% conditions.

Sample

βr,8 βt,8

M C Δ M C Δ

1 0.0165 0.0167 −0.0002 0.0290 0.0277 0.0013
2 0.0163 0.0167 −0.0004 0.0350 0.0268 0.0082
3 0.0161 0.0172 −0.0011 0.0285 0.0283 0.0002
4 0.0159 0.0170 −0.0011 0.0321 0.0277 0.0044
5 0.0171 0.0169 0.0002 0.0298 0.0276 0.0022
6 0.0155 0.0164 −0.0009 0.0309 0.0263 0.0046
7 0.0119 0.0122 −0.0003 0.0164 0.0262 −0.0098
8 0.0159 0.0164 −0.0005 0.0263 0.0268 −0.0005
9 0.0163 0.0166 −0.0003 0.0278 0.0268 0.0010
10 0.0132 0.0123 0.0009 0.0343 0.0267 0.0076

M =measured with the CAD software; C = calculated with the algorithm. βr and
βt are the shrinkage in the radial and tangential directions, respectively.

Table III. Shrinkage coefficients for Norway spruce under green conditions.

Sample

βr,green βt,green

M C Δ M C Δ

1 0.0397 0.0381 0.0016 0.0693 0.0806 −0.0113
2 0.0394 0.0399 −0.0005 0.0822 0.0779 0.0043
3 0.0483 0.0477 0.0006 0.0873 0.0775 0.0098
4 0.0400 0.0378 0.0022 0.0859 0.0787 0.0072
5 0.0382 0.0383 −0.0001 0.0918 0.0771 0.0147
6 0.0474 0.0371 0.0103 0.0789 0.0788 0.0001
7 0.0458 0.0376 0.0082 0.0884 0.0803 0.0081

M =measured with the CAD software; C = calculated with the algorithm. βr and
βt are the shrinkage in the radial and tangential directions, respectively.

Figure 3. The residual versus each measurement and RMSE.

Figure 4. Scatter plot of the MC estimated by the algorithm and calculated with
CAD measurements.

WOOD MATERIAL SCIENCE & ENGINEERING 255



similar to those obtained by direct measurement, and it is
thus considered to be a reliable reference against which the
algorithm can be compared. Furthermore, the RMSE values
have shown an acceptable small difference between the
two measuring methods. The conclusion is that the algorithm
is a reliable tool for estimating the shrinkage coefficients in
the radial and tangential directions from CT images and pro-
vides an image processing tool to monitor the dimensional
changes during the drying and heat treatment process.
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The conditioning regime in industrial drying of Scots pine sawn timber studied 
by X-ray computed tomography - A case-study 
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Abstract 
 
Industrial drying of sawn timber is a process driven by a difference in moisture content (MC) between the core and 
the surface as moisture moves from the wet inner region towards the drier surface. After drying, the timber surface is 
always drier than its core, and stresses have developed within the wood volume. If the timber is to be further processed, 
these stresses and the moisture gradient need to be reduced to avoid unwanted distortion, i.e. the timber needs to be 
conditioned. Conditioning is usually accomplished by exposing the timber to a hot and humid climate after the drying 
regime. The conditioning regime is essential for timber quality, and it is energy and time consuming; therefore of 
interest for optimisation. This research was a case study where for the first time the MC during conditioning was 
studied in an X-ray computed tomography (CT) scanner. The aim was to test a previously developed algorithm and 
investigate the influence of MC and heartwood-sapwood proportion in the effectivity of the moisture equalisation in 
30 mm thick Scots pine planks. The MC was estimated from CT data acquired during the drying and conditioning of 
the planks in a lab-scale kiln adapted to a medical CT scanner. Results show that the algorithm can provide relevant 
data of internal MC distribution of wood at the pixel level. Furthermore, for the drying scheduled studied, the 
conditioning at low MC (8%) does not need to be longer than 3 h while higher MC (18%) requires longer conditioning. 
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1 Introduction 
 
Wood drying is an vital process in sawmilling to 
reduce the moisture and achieve a high-quality sawn-
timber product. An important procedure in the final 
stage of the drying process is the so-called 
conditioning regime, which is highly important to 

achieve an even moisture content (MC) distribution in 
the timber and to reduce the stresses developed during 
the drying that causes distortion of the sawn timber in 
further processing. Effects of a large MC gradient and 
the remaining stresses in the timber are often seen in 
products that are obtained by splitting a plank 
longitudinally after drying, such as facade panelling or 
flooring. The conditioning regime consists on raising 
the relative humidity (RH) in the kiln and keeping a 
constant climate for an equilibrium MC slightly higher 
than the target, meaning that the MC in the surface 
region of the timber increases, thus reducing the MC 
gradient. The time to complete suitable conditioning 
decreases with increased temperature and RH, but 
usually, industrial facilities are limited in this regard 
by their energy-capacity, thus the need for research 
adjusted to the industrial conditions.  
  
During drying, the timber surface dries below the fibre 
saturation point (FSP) well before the core does, 
creating the so-called dry shell (Wiberg 1996). This 
dry shell intends to shrink, but as it is restrained by the 
wetter core of the sawn timber that keeps it under 
compression, it creeps instead due to mechano-
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sorptive, elastic and viscoelastic behaviour (Moren 
and Sehlstedt-Persson 1993), a phenomenon known as 
casehardening (McMillen 1958). Later during drying, 
when the core also dries below FSP, it also intends to 
shrink, but it is now restrained under tension by the dry 
shell that crept before, stress that would remain if not 
corrected (Morén 2016). When drying turns into the 
conditioning regime, and the RH raises, the direction 
of the moisture diffusion flow in the drier wood 
surface region is reversed, and the absolute value of 
the moisture flow increases: the wood surface goes 
from being slowly drying to quickly absorbing water. 
This triggers once again the mechano-sorptive creep 
(Moren and Sehlstedt-Persson 1993) in the outer parts 
of the timber, now under tension, stress is released 
because the core remains almost unchanged, the 
overall moisture gradient in the cross section decreases 
and, ideally, the timber becomes stress-free and 
moisture equalised. Even though the conditioning 
regime increases the MC of the surface, the inner core 
of the timber continues to dry with a moisture flow 
directed towards the surface. If not performed 
correctly, there is a risk to over-conditioning the sawn 
timber, which results in a moisture gradient in the 
inverse direction (wetter surface than core) and also in 
the development of stresses that could result in surface 
checking during cooling. To avoid distortion when the 
sawn timber is further processed, it must ideally be 
completely free from stresses.  
 
In large Scandinavian sawmills, there are nowadays 
two main types of methods to perform the 
conditioning regime: using pressurised water spraying 
system or using saturated water vapour. Rising the RH 
with water vapour results in conditioning that is 
performed under the diffusion regime, while 
conditioning with saturated water vapour would cause 
condensation at the surface of the timber. Both have 
been widely used, and in fact, conditioning with 
saturated water vapour is more effective but very 
energy consuming, i.e. in industrial conditions, it 
usually requires a steam boiler with a power of the 
order 2 MW for a kiln with a batch volume of 100-150 
m3. The most common industrial method nowadays is 
conditioning with pressurised hot water spraying 
nozzle system forming small droplets (aerosol) which 
facilitates evaporation. 
 

Further optimisation of the conditioning regime will 
improve not only the quality of the sawn timber but 
also the management of a sawmill in terms of energy 
savings and avoidance of bottlenecks in the production 
flow. It is nevertheless a stage of wood processing that 
has not been investigated in depth. Chen et al. (1997) 
suggest three alternative procedures to relieve 
remaining stresses: cooling under a cover, so the 
condensation water moistens the timber surfaces, 
steaming without previous cooling, or intermittent 
drying and conditioning. Their experiments were 
based on previously developed simulation models, and 
they conclude that the three options provide similar 
results for Pinus radiata. More recently, He and Wang 
(2015) studied the moisture equalization of sawn 
timber, which does not necessarily mean stress relief, 
and they posted three different ways theoretically 
possible to equalize the moisture in timber: by 
increasing the MC of the surface, by reducing the MC 
of the core, or by a combination of these methods. 
They establish that reducing the MC of the core 
without modifying the MC of the outer regions is not 
applicable. They studied a method based on 
microwaves that reduces the MC of the core at the 
same time that increases that of the surface based on 
the difference in the level of microwave energy 
absorbed by the wetter inner core and the dryer outer 
region. Claims are stating that microwave 
conditioning could be applied industrially (Sethy et al. 
2016), but even though some results are indeed 
promising, it is unlikely that a microwave-based 
system will be implemented in industrial softwood 
drying plants in northern Europe in the short term.  
 
A large part of the existing research is based on 
computer simulations that allow quick results. In order 
to study improvements in the conditioning through 
simulations, Salin (2001) established a criterion for a 
good conditioning based on the accuracy of the final 
average MC level of the sawn timber in relation to the 
target MC level, on the final internal distribution of 
MC and on the measurement of the slicing test gap (a 
method to visualize stresses within the cross section of 
the sawn timber). Such a criterion could nowadays be 
considered valid as it takes into account those aspects 
that still now concern the industry. Salin (2001) 
proposes, based on simulations, alternatives to the 
traditional conditioning regime based on varying 
climate during the conditioning regime, instead of the 
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traditional constant climate. The proposed schedules 
have not been tested experimentally, and they would 
be challenging to implement because it requires a fast 
rise in both temperature and RH.  
 
This study takes a different approach by studying the 
conditioning regime in timber drying with CT using a 
combination of equipment that is, to this day, unique 
worldwide. In the Luleå University of Technology in 
Skellefteå, a medical CT scanner is combined with a 
drying kiln which allows real-time inspection of the 
interior of sawn timber specimens and further 
calculation of density and MC with a maximum 
resolution of about 0.1 x 0.1 x 1.0 mm3. There is thus 
no need to stop the drying process and remove the 
samples to make CT scans, which would create a 
disturbance on the measurements. According to what 
can be found in the literature records, no other research 
than that made in the Luleå University of Technology 
has made use of CT scanner to study drying of timber 
in real time. Furthermore, no records could be found 
of such method applied to study specifically the 
conditioning regime, probably due to the difficulty of 
studying the diffusion in local regions of the timber 
because it implies very small variations of MC. 
Hansson and Fjellner (2013) have developed a specific 
image-processing algorithm for pixel-wise 
measurements of MC in CT images. The algorithm 
uses an image at the MC to be studied and an image of 
the same region but at totally dry conditions and 
implements a deformation coefficient in the x and y 
directions of the scanning plane to compensate for the 
shrinkage of wood during drying. This method allows 
for calculating accurate values of the MC in each pixel 
during the drying process.  
 
This research shows a case-study with the first 
objective of trying to prove the applicability of the 
method described by  Hansson and Fjellner (2013) to 
study moisture gradients during the conditioning of 
sawn timber. The hypothesis is that the method will 
provide consistent results at the pixel level that will 

allow the visualization and quantification of the 
moisture gradient and its changes during the 
conditioning regime. The second objective was to 
study how the timber MC at the start of the 
conditioning regime affects the effectivity of the 
moisture equalisation with the hypothesis that the 
lower the MC is, the shorter conditioning is needed to 
achieve acceptable levels of moisture equalisation. 
Finally, the third objective was to study the influence 
of heartwood content in the sawn timber on the 
conditioning regime, because the different chemical 
composition of heartwood and sapwood results in 
different diffusivity in moisture transport. Sehlstedt-
Persson (2001) show that the diffusivity of Scots pine 
heartwood increases after extraction to the same value 
as sapwood, which remains unchanged. Sehlstedt-
Persson (2001) establishes thus that the higher level of 
extractives in heartwood is a cause of low diffusivity, 
and therefore the hypothesis in this research was that 
a high proportion of sapwood would allow a shorter 
time for the conditioning regime to reach the same 
level of moisture equalisation.  
 
2 Materials and methods 
 
2.1 Wood material 
 
Block sawn and un-dried timber (centre yield) of Scots 
pine (Pinus sylvestris L.) with green-size cross section 
dimensions of 31 x 124 mm was collected from a local 
sawmill in northern Sweden and used for the study. 
The planks were selected with clear differences in 
heartwood content. Each plank was divided into 0.7 m 
long specimens (Fig. 1), the cross section was sealed 
with a heat-resistant sealant (Sikaflex 221) and kept in 
frozen condition in plastic until the start of the 
experiment to avoid uncontrolled drying. One pair of 
specimens were cut from each board so that three pairs 
of matched specimens could be used in the study. The 
specimens were thawed in water for 24 h at room 
temperature before starting the experiments. 
 



 

4 
 

 
Fig. 1 The six specimens used in the study belonged to three planks  (A, B and C) and they were marked A1, B1 and 
C1 for test run No. 1 and A2, B2 and C2 for test run No. 2 (Table 1) 

 
2.2 Equipment 
 
The scanning of the specimens was made with a 
medical CT scanner (Siemens Somatom Emotion 
Duo) using a 300 mm reconstruction window, which 
results in a pixel size of 0.6 x 0.6 mm2. A specially 
designed laboratory drying kiln that fits within the 
gantry of the scanner was also used. With this 
combination of equipment (Fig. 2), it was possible to 
scan the sawn timber specimens inside of the kiln 
without interrupting the drying process. The control 
parameters of the drying kiln were the air velocity, 
time and the dry- and wet-bulb temperatures. 
 

 
Fig. 2 The medical CT-scanner and the drying kiln 
fitted in the gantry of the scanner 

 
2.3 Test design 
 
Two test runs with different drying schedules aiming 
for different target MC were performed (Table 1). In 
each test run three specimens were chosen based on 
the differences in heartwood distribution. Fig. 3 shows 
the cross section at the scanning positions of each 
specimen through pictures obtained once the 
experiments were completed. Each specimen in test 
run No. 1 was matched with another specimen from 
the same board in the test run No. 2 (see Fig. 1). The 
specimens were placed in the kiln-tube with a gap of 
about 25 mm between each other, securing a suitable 
CT scan position in all three specimens. A CT scan 
with 5 mm scanning thickness was made before the 
start of drying and then every hour during heating and 
drying regimes. During the conditioning regime, scans 
were performed every 15 minutes. All scans were done 
at the exact same location in the specimen. To 
calculate the MC in the specimens based on CT data, 
a scan of the specimens in totally dry condition was 
also performed. After the conditioning and cooling 
regimes finished, all samples were dried at 103 ± 2 °C  
until a constant weight of the specimens were reached 
and, afterwards, a final dry CT scan was made at the 
exact same scanning position. 
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Fig. 3 Cross section views of the specimens in the location where they were CT scanned. The border between the 
heartwood (darker hue) and the sapwood is marked with a dotted line.  
  

Table 1 The test runs performed with the specimens according to (Fig. 1) Heartwood content is area share of 
heartwood in the scanned cross sections 

Test run 
No. 

Drying time 
(h) 

Conditioning 
time (h) Specimen Average MC (%) of the 

specimen before drying Heartwood content (%) 

1 48.1 7.1 

A1 78.5 36 
B1 134.5 5 
C1 125.7 8 

Average 112.9  

2 89.0 7.05 

A2 68.6 47 
B2 117.4 14 
C2 133.3 5 

Average 106.4  

2.4 Drying conditions 
 
An industrial drying schedule for Scots pine sawn 
timber of the same dimension as used in this study was 
applied for the test with a constant wet-bulb 
temperature of 60 °C and maximum dry-bulb 
temperature of 70 °C (Fig. 4). Throughout the drying 
and conditioning regimes, constant air speed of 5 m/s 
was used. The drying time was shorter in test run No. 
1 (48 h) than in test run No. 2 (89 h) because they were 
estimated for target MC approximately 8% and 18% 
respectively. The conditioning regime was the same in 
both tests runs, with a quick rise in wet-bulb 
temperature, a duration of about 7 h and constant dry- 
and wet-bulb temperatures of 70 °C and 68 °C 
respectively, corresponding to an equilibrium MC of 
approximately 18%. 
 

 
Fig. 4 Drying schedule with the drying process (0-48 
h and 0-89 h) and conditioning regime (48-55 h and 
89-96 h) used in test run No. 1 and test run No. 2, 
respectively 
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2.5 Image registration and dry basis moisture 
content estimations 
 
As Couceiro (2016) describes it, estimation of the dry-
basis MC of wood from CT data requires two images: 
one at the MC to be determined and another one at a 
reference MC which, for practical reasons, usually is 
0%. From each image, data of voxel volume and 
density can be extracted and, thus, mass can be 
calculated (Lindgren 1992). Applying the same 
rationale as with the gravimetric method, it is possible 
to use mass data of the two images to calculate MC. 
Nevertheless, if such analysis is to be done at the pixel 
level, image editing is necessary to match the images 
since wood shrinks and swells with changing MC, and 
thus, the voxels at a given pixel location in the two 
images do not correspond to the same regions in the 
wood specimen (Couceiro 2016). 
 
A method described by Hansson (2007), Hansson and 
Cherepanova (2012) and Hansson and Fjellner (2013) 
was used in this work. Their method consists of 
transforming the images taken during drying to the 
same shape as the image of the completely dry wood 

specimen, a process called “registration”. The method 
implements compensation for shrinkage and obtains 
the mass of the wood contained in each pixel. MC 
calculations can be performed using the pixels located 
at the same position in the image at the MC to be 
determined and at the dry state. The process is 
exemplified in Fig. 5. The final result of this process 
is an image with the sample of the wood piece at 0% 
MC where each pixel has the MC value (MC image). 
During the processing, the images are re-sized by 
nearest-neighbour interpolation to a pixel area of 0.25 
x 0.25 mm2.  
 
2.6 Analytical method 
 
There is no standardized method to investigate the 
difference in MC in sawn timber cross sections, so an 
adaptation to CT data of a practical method described 
by Esping (1988) was used. Esping’s method is 
broadly accepted and used both in industry and in 
research. It consists of dividing a piece of wood into 
seven sections (Fig. 6) and using the five central 
sections to calculate the moisture gradient (MCgrad) 
according to Eq. (1). 

 
Fig. 5 The registration procedure showing different stages of image processing for pixel-wise dry-basis MC 
determination of wood based on CT data: (a) a cross section view of a wood specimen at the MC to be studied, (b) 
the same cross section view at 0% MC, (c) the cross section view in (a) geometrical transformed to match the shape 
of cross section view in (b) (registered shape), and finally (d) is the MC image, i.e. the registered shape with the 
estimated MC in each pixel. The pixel-wise calculation of the MC is based on mass data extracted from pixels in 
images (b) and (c) which have the same spatial location in the specimen
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  (1) 

 
where MCmax is the MC of the section with the highest 
MC amongst the central sections (numbered 1-5 in 
Fig. 6) and MCav is the average MC of those sections. 
 
The analytical method used in this research is based on 
Esping’s method which is originally a destructive 
method that would not allow continuous measurement. 
Ten sections were extracted from the MC images, 
instead of the five central sections proposed in 
Esping’s method, to have a convenient number of 
steps in the gradient visualisation and calculation that 
are described below. Fig. 7 shows an example of the 
ten sections in one of the specimens. The sections are 
generated by a Matlab function that crops them out of 
the MC image generated (image (d) in Fig 5). The 
relative size of these sections was different from 
Esping’s to focus only in the central part of the 
specimens, radial from the pith towards the surface, 
which is the most vulnerable part of the board during 
drying due to maximum tangential shrinkage, creep 
and risk for checking. The cross-sectional dimensions 
of each section (sections numbered 1-10 in Fig. 7) 
were about 3 x 20 mm2, which, with the used scanning 
thickness of 5 mm, gave a studied volume of about 300 
mm3 per section. The average MC of each and every 
section is calculated and then processed in two ways: 
(1) as input in Eq. (1) to calculate MCgrad for 
quantitative analysis of the MC gradient and (2) in 
profile plots of the MC throughout the thickness of the 
board.  
 
3 Results and discussion 
 
The MC data at the pixel level was obtained from the 
CT images every hour during the drying and every 15 
minutes during the conditioning regime. The MC data 
of the pixels located within each of the 10 sections, as 
shown in Fig. 7, was used to calculate the average MC 
of the sections and moisture profile plots across the 
specimen were generated. Fig. 8 show such profile 
plots at three key moments during conditioning: at the 
start of conditioning regime, after about 7 h of 
conditioning, and at minimum MCgrad, which in 

specimens C1 and A2 were coincident with the last 
and first scan during the conditioning regime 
respectively. From Fig. 8 it can be seen that a drying 
schedule with a short drying regime (A1-C1) result in 
a large difference in MC between areas with 
heartwood and sapwood, respectively, when the 
drying schedule switches from drying to conditioning 
regime. The difference in MC is also hard to equalise 
during the 7 h long conditioning regime. A longer 
drying regime (A2-C2) results in a flatter MC profile 
through the thickness of the specimens, with small 
differences between heartwood and sapwood. 
 

 
Fig 6 Sections for the determination of the MC 
gradient according to Esping (1988) 

Fig 7 An example of the sections used in this study to 
evaluate the differences in MC and the MC gradient in 
the thickness direction of the specimen. Each section 
was approximately 60 mm2 in cross section, and the 
scan was 5 mm in the longitudinal direction of the 
specimen   
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Fig. 8 Profile plots of MC throughout the thickness of the specimens (A1-- C2) at three different moments during 
conditioning: at the start of conditioning (dashed blue line), when the MCgrad is minimum (dashed green line) and 
after around 7 h of conditioning (solid red line). Sections in the horizontal axis refer to the sections exemplified in 
Fig. 7. A grey area indicates the presence of sapwood in the section. For specimens C1 and A2 the moment of minimum 
gradient happens to be also the last and the first scan of the conditioning respectively 
 
  

 

 
Fig. 9 MC gradient (MCgrad) as a function of time during the last hours of drying regime (white background in the 
plots) and during conditioning regime (grey background) 
 
  



 

9 
 

 
Fig. 9 shows the evolution of MCgrad during the last 
hours of drying regime and the complete conditioning 
regime. Eq. (1) was applied to calculate MCgrad, 
allowing for quantitative analysis of moisture gradient. 
The evolution of MCgrad in time can thus be studied 
quantitatively and a moment of minimum MCgrad 
across the board during the conditioning can be 
determined. Results show that MCgrad is lowest at 0 to 
2 h into the conditioning for test run No 2 whereas it 
takes at least 3 h in test run No 1, which confirms the 
second hypothesis that timber dried to low MC (8%) 
requires shorter conditioning time than that dried to 
high MC (18%). Comparing the data regarding 
heartwood-sapwood proportion from Table 1 with the 
data of time needed to achieve the minimum MCgrad 
from Fig. 9 it is possible to see that the more 
heartwood is present, the less time is required in order 
to achieve the minimum value of MCgrad within a test 
run, which disproves the third hypothesis. Specimens 
with a large proportion of sapwood were expected to 
require less conditioning time, but the results show 
otherwise. This phenomenon is extreme in specimen 
A2, with heartwood present across the entire thickness 
of the board, which showed the minimum MCgrad 
precisely at the start of conditioning. This could be 
explained by the specimens reaching the conditioning 
regime with moisture gradients that are more severe 
with increasing amounts of sapwood, as it can be seen 
inspecting Fig. 9 and Fig. 8. A large proportion of 
sapwood means large amounts of water in the green 
state, which require longer drying times to evaporate, 
and thus to achieve similar profile plots and MCgrad 
than timber with less or no sapwood. 
 
The method described by Hansson and Fjellner (2013) 
has been proven suitable for studying the development 
of the gradient in the cross section of Scots pine timber 
during the drying and conditioning regimes through an 
analytical method based on an adaptation of Esping’s 
practical method for its use with CT images. The first 
hypothesis, regarding the feasibility of the method, is 
thus confirmed.  
 
Wood industry in northern Sweden claims that 
conditioning requires less time to achieve an 
acceptably low gradient when the timber is dried to 
what they consider low MC (about 8% MC) as 
opposed to timber dried to higher MC (about 18%). 

The hypothesis was set according to such claim and 
the results confirm it. It should be noted that in both 
test runs the same conditions of temperature, relative 
humidity and air velocity are used even though the 
target MC is different. Probably a different drying 
schedule when aiming for the lower MC levels would 
cause the timber to reach the conditioning with a more 
severe gradient than what is shown here in test run No 
2. The industry usually uses a less humid environment 
for conditioning of low MC products than what was 
used here, which results in longer conditioning times. 
Results show that having high RH during conditioning 
could shorten times and give a product with equalised 
humidity, but the increase in energy costs needs to be 
considered as well. Another issue with very short 
conditioning is that, even if the moisture gradient is 
corrected, the stresses may not be if the mechano-
sorptive creep (which requires the increase in moisture 
flow at high temperature) is not triggered or it is not 
large enough. Unfortunately, this is something that 
cannot be inspected with CT, but the issue should 
nevertheless be taken into account in future studies. 
 
After the end of the conditioning process, the timber 
surface is expected to dry slightly during cooling, 
which means that a small over-conditioning would be 
desirable in order to compensate. From these analyses 
and considerations, the duration of conditioning of 
Scots pine in ideal laboratory conditions could be set 
for these dimensions, schedule and chamber size at 1 
to 3 h. It should be considered at this point that MCgrad 
by itself can be misleading because deviations in one 
of the sections shown in Fig. 7 would give a large 
value of MCgrad, but that deviation could be due to 
factors such as the presence of juvenile wood, 
uncontrolled surface drying and errors. Ideally, both 
MCgrad and the visual aid of a profile plot like the ones 
shown in Fig. 8 should be used. This study focuses 
solely on the conditioning phase itself, but the history 
of the previous drying of the timber before reaching 
conditioning may also influence how timber will 
behave under conditioning. Thus an analysis of the 
history of the specimens before conditioning should be 
considered in future studies. 
 
Results show that the more sapwood is present, the 
longer time of conditioning is needed to achieve a 
minimum MCgrad, which contradicts previous results 
and the hypothesis. This is an issue that should be 



 

10 
 

carefully considered for future research. Eventually, 
clarifying the influence that the heartwood-sapwood 
proportion has during conditioning and possibly 
during drying, could provide a basis for improvement 
in the green sorting of the timber before drying and 
improve both the quality of the final product and the 
effectivity of the industrial process. 
 
4 Conclusions 
 
The method for data collection and processing has 
been proven suitable to provide consistent results in 
terms of MC measurements at the pixel level. It has 
been proven that it is possible to quantify small 
variations of local MC and study internal MC gradient 
in timber during drying using a combination of 
medical CT, a dedicated drying chamber and a specific 
analytical method. Results confirm that when drying 
to a low level of MC (ca 8%), a shorter conditioning 
regime is needed to achieve acceptable moisture 
equalisation than when drying to higher MC level (ca 
18%). The heartwood-sapwood proportion seems to 
influence the effectivity of conditioning. The lowest 
the content of sapwood in the cross section, the shorter 
conditioning times are required, which contradicts 
previous findings. This phenomenon is extreme if 
heartwood is present across the entire thickness of the 
board, a case that will require much shorter 
conditioning to equalise the MC. In such a case, there 
will most probably be stresses present within the board 
at that point, which often must be eliminated.  
 
For the dimensions and laboratory conditions studied 
and considering that the final aim of a drying process 
should be a slight over-conditioning that will 
eventually equalize itself quickly, Scots pine timber 
dried to 8% would reach an appropriate level of 
conditioning after about 1 to 3 h of conditioning time; 
while when dried to 18%, a conditioning regime with 
duration of at least 3 h would be advised. It is desirable 
to consider heartwood-sapwood proportion, and more 
specifically, the presence of heartwood in both sides 
of the timber, among the parameters used for green 
sorting before drying. The issue regarding the 
reduction of stresses remains unsolved because it is 
not possible to follow the evolution through the 
process using CT. It must be considered that this is a 
lab study and extrapolating conclusions to an 
industrial scale can be troublesome. The results shown 

by this first case study show great potential; 
nevertheless, the conclusions drawn from here are 
specific for Scots pine centre boards with green 
dimensions 31 x 124 mm2 and for the drying schedules 
and kiln size that were used. More research is desired 
and encouraged, and it should be specific for drying 
schedules that are consistent with industrial 
procedures and circumstances.  
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Abstract
The drying of Eucalyptus nitens is a troublesome process as the species is 
extremely prone to drying defects. This paper reports ongoing research to
improve the understanding of surface checking and cell collapse in Chilean 
grown Eucalyptus nitens during drying. Computed tomography (CT) 
scanning was used as a powerful tool for studying the internal changes in the 
wood-material during the drying process. Different levels of temperatures 
have been tested with the same equilibrium moisture content (EMC) 
conditions and low air velocity. The results confirm that a low drying 
temperature and a low air velocity, which results in a slow rate of drying, 
reduce internal cell collapse  and surface checking . 

Keywords: Cell collapse; computed tomography; surface checks; wood 
drying; internal checks
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1. Introduction

Eucalyptus is the largest single source of market pulp in the world [1] . In Chile, 35% of the 
forest plantations are eucalyptus (mainly Eucalyptus globulus and Eucalyptus nitens) [2].
The production of eucalyptus wood in Chile has been increasing during the last 40 years,
but the volume of eucalyptus used as sawn timber has nevertheless decreased during that 
period.

The desire to increase the use of eucalyptus and to improve its processing has driven
research in various fields. Blackburn [3] provides a wide picture of the existing knowledge 
of eucalyptus wood from different points of view: materials science, genetics, forest 
management and commercialized products. More recently, Sharma et al. [4] studied a new 
method to improve the quality of Eucalyptus nitens and Eucalyptus bosistoana solid wood 
by eliminating growth stresses. Kong et al. [5] investigated the use of steaming as pre-
treatment for Eucalyptus grandis and Eucalyptus urophylla wood and identified potential 
ways to improve the drying process.

One of the reasons for the low use of eucalyptus in solid wood products is the difficulties in
the drying process, which usually result in an unacceptable level of defects, often due to
cell collapse [6-8]. Cell collapse is a process that occurs mainly when there is free water in 
the wood cells and thin-walled cells cannot withstand the tension forces generated when the 
liquid water is displaced [9]. The literature reports research that addresses surface and 
internal checking and cell collapse of different eucalyptus species from various viewpoints, 
e.g. anatomical [10-12], materials science [6, 13-14] and genetics [15-16].

The topic of collapse in wood drying has been studied extensively. Recently, Yang and Liu 
[9] provided an extensive review of the literature on the collapse behaviour of different 
eucalyptus species and, based on these reports, proposed different measures to reduce it, 
such as pre-heating (both with steam and with microwaves), re-conditioning and several
methods to control the drying parameters.

Different scanning technologies have been applied to study the cell collapse: Wentzel-
Vietheer et al. [17] tried to identify collapse zones in Eucalyptus globulus with near 
infrared spectroscopy (NIR). Ananías et al. [18] used a Quintek Xray Ring Tree Analyzer 
to measure the width and density of annual rings while studying how the location of the cell
within the stem influences collapse.  

The work presented in this article is a part of a larger project where the drying of 
Eucalyptus nitens is studied. To study internal cell collapse, an unique equipment that 
combines a drying chamber and a medical computed tomography (CT) scanner is used in 
such a way that the wood specimens can be scanned during drying in controlled conditions. 
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It is then possible to explore what happens in the interior of a wood piece during the drying 
process and also to study the changes in dimension and density.  

2. Materials and Methods

Eucalyptus nitens was harvested from Chilean plantations, sawn and shipped in the green 
state to northern Sweden, where the experiments took place. The specimens were sawn in 
dimensions of 47 x 162 x 600 mm and 27 x 162 x 600 mm with different orientations in the 
log cross-section (Fig. 1). Prior to drying, the cross-sections of the specimens were sealed 
with a heat-resistant silicone.

A specially designed laboratory drying kiln that fits within the void of a Siemens Somatom 
Emotion Duo medical CT-scanner was used (Fig. 2). With this equipment, it is possible to 
scan the inside of the kiln without interrupting the drying process, and thus to inspect in real 
time internal features of the wood specimens as they are drying. The control parameters are
the air velocity and the dry and wet bulb temperature (Td and Tw). 

Fig. 1: CT-images of the cross section of the specimens before (Left) and after drying - experiment 
No. 4 in Table 1 (Right). 

Fig. 2: Drying kiln and CT-scanner. The specimen is located in the metal tube that fits within the 
gantry of the scanner.
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2.1. Drying processes
The part of the project presented here consisted of slow drying under stable conditions. The 
aim was to maintain a constant air velocity just below 1 m/s, and conditions for the same 
equilibrium moisture content (EMC) 16% (modifying the psychrometric difference in each 
run) and under these conditions to apply different drying schedules at four different 
temperatures, with four samples in each run in the chamber (Table 1). This was not always 
possible, as such a low air velocity made it difficult for the control system to hold the 
climate because the humidity in the chamber is controlled by the psychrometric difference,
which requires a higher air velocity. Fig. 3 shows the actual temperature and humidity 
trends in each experiment, showing the difficulties of reproducing such schedules in some 
cases (compared with the set points shown in Table 1) and the consequences of several 
malfunctions of the equipment that had to be dealt with while the tests were running.

Table 1: Temperatures set points for each experiment.

Experiment No. Dry-bulb T (°C) Wet-bulb T (°C)
1 90 87.9
2 60 57.3
3 25 22.5
4 40 36.9

Fig. 3: Actual temperature and air velocity trends in the four experiments using the set points 
indicated in Table 1: 1 (top left), 2 (top right), 3 (bottom left) and 4 (bottom right).
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2.1.1. Experimental issues

Several issues arose during the experiment that made it necessary to change some of the 
parameters so that the drying kiln would continue running. During experiment No. 1, the 
steam valve broke and it could not be replaced with the chamber in operation. To keep the 
experiment running and the EMC at a reasonable level, the air velocity was increased to 
around 1.9 m/s. The chamber also experienced malfunction early on during experiment No.
3, and the data for wet-bulb temperature (Tw) and dry-bulb temperature (Td) after loads are 
not reliable after about 60 h. Experiments No. 2 and No. 4 ran reasonably well. During
experiment No. 4, the chamber had problems in reaching the working conditions for the 
test, and the air velocity was therefore incremented after around 40 h.

2.2. Data processing

The data obtained from the CT-scanner are images in DICOM format, which translate into 
grey-scale images in which a lighter colour represents a high density and a darker colour 
represents a low density (Fig. 1). Each pixel of the image represents a volumetric entity (so 
called voxel) defined by the pixel size and the thickness of the scanning beam. In these 
experiments the voxel size was 0.49 x 0.49 x 10 mm3. Being a grey-scale image, each pixel 
has one numeric value associated with it (the CT-number), and the images can thus be 
processed as matrixes in mathematical software like, for example, Matlab, and this is the 
case with the data here presented. Making use of the density relationship between the CT-
number and the density of the scanned material, mass can be inferred and, thus, real time 
studies of moisture content (MC), defined as the ratio of the weight of the water in the 
wood to the dry weight of the wood, can be made.  

The MC is calculated from the CT-images by dividing the difference between the average 
mass of the wood pixels in the wet wood image and the average mass of the wood pixels in 
the dry wood image by the average mass of the wood pixels in the dry wood image. This 
method is somehow analogous to the gravimetric method, which consist on dividing the 
difference in weight of a wood specimen at a given MC and in totally dry condition by the 
weight of the wood specimen in totally dry condition.

3. Results and Discussion

Two main aspects were studied: the drying rate and the evolution of internal cell collapse 
and surface checking. 

3. 1. Drying rate

As shown in Table 2, the lowest temperature gave the best drying rate, which is a 
confirmation of the validity of the traditional drying schedules used in Chile, which are 
performed at around 28°C with very low air velocity. A dry shell can be seen in experiment 
No. 3 (25°C Td), and to a shorter extent in experiment No. 4 (40°C Td), but not in the 
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experiments at higher temperatures. Nevertheless, the results show that the drying rate is 
almost as high at 90°C  as it is at 25°C, which was one the hypothesis. Unfortunately, there 
is a high spread on the results, which suggest that conclusions should be drawn carefully. 

Table 2: The drying rate of the different specimens sorted by dimension. 

Experiment No. Temp. °C 27 x 162 27 x 162 47 x 162 47 x 162 Mean
1 90 -0.45 -0.19 -0.25 -0.30 -0.30
2 60 -0.30 -0.18 -0.15 -0.16 -0.20
3 25 -0.39 -0.37 -0.27 -0.29 -0.33
4 40 -0.26 -0.25 -0.25 -0.19 -0.24
3.2. Cell collapse and surface checking

Table 3 shows how the checking and cell collapse varied in each experiment. Fig. 1 shows, 
as an example, the checking and collapse occurring during experiment No. 4. If time were
the only parameter to evaluate, experiment No. 4 (at 40°C Td) could be considered to show
the best behaviour regarding the appearance of surface checks, while the CT-images 
showed that collapse took place more slowly in experiment No. 3 (at 25°C Td). 

Table 3: Visibility of the first checks (surface) and cell collapse (internal checks) shown in hours 
into the drying process. 

Experiment No. First checks
after: (h)

Visible collapse
After: (h)

1 35 72
2 58.5 68.5
3 56 77
4 71 71

Nevertheless, the comparison between these results must take into account the differences 
in the processes and in the drying rate in the different experiments.

3.3. Future work

More research will be performed trying to take into account all the factors that may
influence the quality of the final product regarding both surface checking and cell collapse. 
Multivariate statistical studies may be useful in the future. The development of the 
equipment and the method to replicate these drying schedules also needs more work, as 
processes with low temperatures and air velocities has shown to be troublesome. 
Furthermore, research on the implementation of pump-drying is currently being carried out, 
which shows a potential for energy savings as the fans are intermittently stopped during 
much of the drying time.
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4. Conclusions

The drying of Eucalyptus nitens has been shown to differ to some extent with regard to the 
appearance of checks and cell collapse-related features depending on the temperature, but
the drying rate does not seem to be greatly affected by temperature. It can be concluded 
from these studies that Eucalyptus nitens should be dried at a low temperature and a low air 
velocity, as is done industrially in Chile, to avoid damage. Improving the efficiency of the 
drying process in terms of time and, thus, energy, does not seem likely as the process must 
be slow in order to avoid surface checking and cell collapse. The results do not suggest that 
high temperature drying would give higher drying rate, thus the increase in energy 
consumption would not be worth it. 
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ABSTRACT
The estimation of the pixel-wise distribution of the moisture content (MC) in wood using X-ray
computed tomography (CT) requires two scans of the same wood specimen at different MCs, one
of which is known. Image-processing algorithms are needed to compensate for the anisotropic
distortion that wood undergoes as it dries. An alternative technique based on dual-energy CT
(DECT) to determine MC in wood has been suggested by several authors. The purpose of the
present study was to evaluate the hypothesis that DECT can be used for the determination of MC
in real time. A method based on the use of the quotient between the linear attenuation
coefficients (μ) at different acceleration voltages (the so-called quotient method) was used. A
statistical model was created to estimate the MC in solid sapwood of Scots pine, Norway spruce
and brittle willow. The results show a regression model with R2 > 0.97 that can predict the MC in
these species with a RMSE of prediction of 0.07, 0.04 and 0.11 (MC in decimal format) respectively
and at MC levels ranging from the green to the totally dry condition. Individual measurements of
MC show an uncertainty of up to ±0.4. It is concluded that under the conditions prevailing in this
study, and in studies referred to in this paper, it is not possible to measure MC with DECT.
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Introduction

Wood is a biological structure that fulfils its natural function at a
high moisture level but in order to be used as a construction
material themoisture has to be reduced to a level that is suitable
for the intended use. Nearly all wood properties are influenced
by the moisture content (MC), which is the ratio of the mass of
water in the wood to the dry mass of the wood substance.
Being able to determine the MC of wood with high accuracy is
thus of great importance for its use. The most widespread and
exact method of measuring the MC is the gravimetric method
or the oven-dry method, where wood is dried at a temperature
of 103 ± 2°C until all the water is removed. Some drawbacks of
the gravimetric method are its destructive and time-consuming
nature, and the evaporation during the oven-drying process of
volatile compounds other than water may cause measurement
errors. The method is, however, seen as a reference method
for MC determination.

For industrial applications, non-destructive and non-contact
methods have been developed for the measurement of the
MC in wood (Bucur 2003, Ross 2015, Gonçalves et al. 2018). X-
ray computed tomography (CT) scanning technology has
recently been developed as an industrial tool for outer geometry
assessment and internal feature detection of logs for the optim-
ization of the disjoining processes in the sawmill and veneer
industries, and MC detection by the same technology is now of
interest. In the present study, the possibility of using dual-

energy X-ray CT (DECT) for the real-time measurement of local
MC in wood has been evaluated. The study was based on
earlier studies related to DECT for MC measurements, and on
new measurements performed with the help of a medical CT
scanner in an attempt to verify earlier studies.

CT was developed within the medical field during the 1970s.
A CT-scanner works by sending an X-ray beam through an
object and quantifying the intensity (number of photons per
second per unit cross-sectional area) of the X-ray beam after
it has passed through the scanned object so that the attenu-
ation of the radiation when interacting with the material can
be calculated. In CT scanning, this attenuation is measured in
different angular positions, and the data collected in the detec-
tor is converted into a two-dimensional image of a spatial
cross-section volume of the scanned material (Deans 1993).
When complete continuous X-ray data are available, an attenu-
ation-coefficient function ƒ(x, y) can be constructed exactly
using the filtered back-projection formula (Feeman 2015).
The linear attenuation coefficient is then the back-projection
of the inverse Fourier transform of the product of the absolute
value of the wavenumber and the Fourier transform of the
Radon transformation of the linear attenuation coefficient, i.e.

m(x, y, �Ek) = 1
2
B{F−1[|S| · F (<m)]}, (1)

where m(x, y, �Ek) is the linear attenuation coefficient at coordi-
nates x and y for a given energy spectrum. The Radon
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transformation (<m) of the linear attenuation coefficient is
measured by the CT scanner. Attenuation of X-rays as they
pass through matter is determined by interactions like the
photoelectric absorption and the Compton effect, but for bio-
logical materials, the varying chemical composition and the
varying density also influence the attenuation considerably.
The measurements by a CT device are also influenced by
the type of X-ray tube, the X-ray tube voltages, and X-ray
filtration.

The attenuation of the X-ray beam that passes through a
homogeneous material depends on the intensity of the inci-
dent X-ray beam (I0) and on the linear attenuation coefficient
(μ) of the material according to Lambert-Beer’s law:

I = I0e
−md , (2)

where I is the intensity of the transmitted X-ray beam, and d is
the thickness of the material. The linear attenuation coeffi-
cient is material-specific, and it is ultimately dependent on
the effective atomic number Zeff and on the electron
density of the material (see e.g. Hsieh 2009).

A CT image is a grey-scale image in which each pixel has a
numerical value that is known as the CT number. CT numbers
are measured in Hounsfield units (HU) and are defined as:

CT number = 1000 (mx − mwater)
mwater

, (3)

where μx is the attenuation coefficient of the material and
μwater is the linear attenuation coefficient of water. Equation
(3) defines the CT number at an average photon energy of
73 keV, which corresponds to an X-ray tube voltage of
140 kV (Huda et al. 2000), a usual setting in medical CT scan-
ners. In Equation (3), a CT number of minus 1000 (−1000) cor-
responds to the linear attenuation coefficient of air while a CT
number of zero (0) corresponds to that of water. The CT
number in a pixel is the average of a three-dimensional
entity known as a voxel, defined by the dimensions of the
pixel and the thickness of the scanning X-ray beam (scanning
depth).

CT was first used as an analytical tool to study wood during
the early 1980s and the first tests were carried out on logs in
California at the Imatron Company and later several tests were
performed at the Louisiana State University, mostly on hard-
wood (Giudiceandrea et al. 2012). Lindgren (1985) established
the existence of a correlation between the CT number and the
density of wood and could thereby describe the density
profile for a volume of wood at the voxel level and distinguish
different features in wood such as knots, heartwood and
sapwood. The application of CT in wood material science
has spread since then and CT is now a technology that has
developed to the point where industrial CT scanners are
being installed in sawmills and veneer production mills
around the world.

The methods developed so far to measure MC in wood
using X-ray CT require two scans of the same wood region
at two different MC levels, of which one is known (Lindgren
1992). As the CT number provides information that can be
related to density and the voxel dimensions give information
on volume, mass can be calculated from a CT image and the

same rationale of the gravimetric method can be applied to
two images, one of them being, for practical reasons, of the
oven-dry wood specimen (Lindgren 1992). This method of
measuring MC has since then been applied and verified in
several studies (see e.g. Danvind 2005, Watanabe et al. 2012,
Hansson and Fjellner 2013, Couceiro and Elustondo 2015),
but a major shortcoming is that the MC can only be deter-
mined by this method when the wood piece has been dried
to 0% MC and re-scanned which means that real-time
measurements of the MC are not possible.

In order to develop a real-time measurement technique for
studying the local MC distribution in wood, a DECT approach
has been explored. DECT is based on the different degrees of
attenuation that X-ray radiation undergoes when travelling
through a material based on the different energies of the X-
ray spectrum, which means that the attenuation of the X-ray
is dependent not only on the material properties but also
on the energy spectrum of the X-ray. The different values of
the linear attenuation coefficient (μ) which are obtained
when two scans are performed at the same place in the
wood but with different X-ray energy spectra can theoretically
be used for MC calculation. Two scans at different energy
levels can easily be obtained with a medical CT scanner
within a short time-span.

Jackson and Hawkes (1981) reported that the attenuation
that an X-ray undergoes when travelling through a material
can be expressed as the gravimetric proportion of the attenu-
ation of each of its component materials. Such a principle can
be applied to wood containing moisture if it is considered to
be a mixture of only wood and water. Applying the principles
that rule the use of DECT that can be found in Hsieh (2009),
Kim et al. (2015) expressed the attenuation coefficient of
wood containing moisture as:

m′mw = a m′water + b m′wood, (4)

where m′mw is the mass attenuation coefficient of wood con-
taining moisture, m′water is the mass attenuation coefficient
of water, m′wood is the mass attenuation coefficient of wood
and a and b are gravimetric proportionality constants for
water and wood respectively. The mass attenuation coeffi-
cient is the linear attenuation coefficient divided by the
density of the material. MC is the ratio of the mass of water
to the mass of the absolutely dry wood substance:

MC = a
b
. (5)

Based on the same logic, Kullenberg et al. (2010) defined the
parameter k as the ratio of the linear attenuation coefficients
of a material for two different X-ray energy spectra:

k1 = m1A

m2A
, (6)

where μ1A and μ2A are the attenuation coefficients of a
material A at the low and high X-ray energies, respectively.
They performed tests in an X-ray scanner and established
the existence of a calibration function between k1 and MC
for wood chips with a standard error of estimate (SEE)
between 1.2% and 3.9%. The same method was tested by
Hultnäs and Fernandez-Cano (2012) trying to prove the
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interspecies applicability of the model developed by Kullen-
berg et al. (2010), but the statistical analysis showed large
errors.

Tanaka and Kawai (2013) tried a different approach to cali-
brate the grey-scale values in the CT image to the linear
attenuation coefficients, using as reference the thickness of
a material with known linear attenuation coefficients
showing the same grey-scale values as that of X-ray images
of the wood at a given MC. The SEE that they obtained was
greater than 20 percentage points. Tanaka (2015) reported
experiments similar to those by Tanaka and Kawai (2013)
but giving a SEE of 2.16 percentage points. This was neverthe-
less accompanied by a contradicting graph, an issue that, at
the time of the writing of this paper, is under discussion
between authors.

Kim et al. (2015) used a hand-held radiation measurement
instrument to establish a relationship between the grey-scale
values in the X-ray images and the intensity of the X-ray
through the use of the parameter k1 in Equation (6). They
established a prediction model with a root-mean-square
error (RMSE) of prediction of 3.15%.

Lindgren et al. (2016) used a micro-CT and expressed the
linear attenuation coefficient of wood as the volumetric pro-
portion of the linear attenuations of wood and water, respect-
ively. They also developed a sort of theoretical relationship
between MC and the parameter k1 in Equation (6). Neverthe-
less, they did not report any development of a model based
on experiments, nor any statistical analysis of the results
other than theoretical.

Studying the previously mentioned reports, some issues
arise:

(1) The physics behind the overall approach may raise doubts
because of the limited amount of records available, incon-
sistent results in different studies, very large errors of esti-
mate, the use of wood chips and bulk material, or the
facts that some proposals are only theoretical and are
not supported by experiments. Some of the presented
models can show values of R2 greater than 0.9, but the
errors of estimate show poor prediction ability and
suggest a great spread in the predictions.

(2) The comparison and evaluation of the results previously
published are troublesome because the use of the percen-
tage (%) to describe MC prediction ability of models is gen-
eralized in wood science. This can nevertheless be
confusing, as it seems obvious that authors oftenmean per-
centage points, not actual percentages. When predicting
MC, especially with decreasing levels of MC, mistaking per-
centage for percentagepoints canbeextremelymisleading.

(3) An issue that seems to be common in all the reports
regarding DECT for measuring MC in wood is the
difficulty of determining the actual photon count which
provides basic data to apply DECT as expressed in
Equation (4). It is suggested that parameter k1 in Equation
(6) can solve this issue.

Besides the general considerations behind the method
and considering each article individually, further doubts
appear.

(1) Kullenberg et al. (2010) do not clarify which parameter is
obtained from the scanner and is used to calculate the k
value. Most scanners provide not data of attenuation or
photon count data, but a grey-scale that must be cali-
brated somehow. It is not clear whether the relationship
between grey-scale and attenuation coefficient is linear
or even known. This issue is also present in Hultnäs and
Fernandez-Cano (2012).

(2) TanakaandKawai (2013)presentaSEEof21.9%.Noequation
for SEE is presented, so it must be assumed that the authors
mean 21.9 percentage points. In such a case, the error of the
estimate is much too large to consider the method to be
useful. Furthermore, the use of analogical methods that
require digitalization likely to generate large errors.

(3) Tanaka (2015) presents the results of a model prediction
in an observed-predicted plot that claims a SEE of
2.16%. According to the formula presented in the
article, it seems that the author means 2.16 percentage
points. Nevertheless, a recalculation of the SEE with
data extracted roughly from the graph presented results
instead in a SEE of 11.4 percentage points instead.

(4) Kim et al. (2015) also need to de-code the grey-scale in the
picture into a parameter that can be connected to the
linear attenuation coefficient of the material. This
process is susceptible to error. Nevertheless, the predic-
tion ability of the method, with a RMSE of 3.15 percentage
points (according to the equation presented), suggests
that the method could be useful in research as well as
for industrial applications.

(5) Lindgren et al. (2016) present only a theoretical approach,
and typical CT-related experimental errors, such as noise
and artifact, are not taken into account.

Considering the doubts that both the previous reports
present and also the potential that the theory suggests, this
work has studied the application of DECT with a medical CT
scanner to estimate the MC with a parameter similar to k1,
obtained solely from the CT numbers instead of from the
linear attenuation coefficients.

The purpose of the present study was to evaluate the
hypothesis that DECT can be used for the determination of
MC in real time with a medical CT scanner or similar X-ray
CT scanner.

Compared with the micro-CT technology proposed by
Lindgren et al. (2016), medical CT scanning has the advantages
of ease of operation, thepossibility of scanning large specimens
and short scanning times (less than 1s/scan). Medical CT scan-
ners have, however, the disadvantage of providing not attenu-
ation coefficients but CT numbers, and it has also been claimed
thatmedical CTmaywork in inappropriate ranges of X-ray tube
acceleration voltages to give accurate detection differences
between wood and water (Hsieh 2009, Lindgren et al. 2016).

Materials and methods

Materials

A total of 12 specimens of sapwood from Scots pine (Pinus syl-
vestris L.), 6 specimens from Norway spruce (Picea abies L.),
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and 4 specimens from brittle willow (Salix fragilis L.) were used
for the DECT study. Scots pine and Norway spruce were
selected because they are the most extensively used commer-
cial species in Scandinavia, while Brittle willow was chosen
because of its low dry density and high MC in the green
state compared to the other two species.

The specimens were sawn from green sapwood in order to
get the highest possible MC, and avoiding heartwood to
reduce disturbances in chemical composition because of
extractives. The specimens were free from knots and other
visible defects. The dry density was 492, 468, and 339 kg/m3

for Scots pine, Norway spruce and brittle willow, respectively,
and the green MC was 1.3, 1.1, and 2.1.

The cross-section dimensions of the specimens were
limited to the maximum possible dimension that could be
cut from sapwood, approximately 32 × 32 mm2 in cross-
section area, and 100 mm in length.

Methods

The method used in this study makes use of the parameter k1
found by Kullenberg et al. (2010), and also used by Hultnäs &
Fernandez-Cano (2012), Kim et al. (2015) and Lindgren et al.
(2016). The relationship between the linear attenuation coeffi-
cient and the CT number is well known, but the value of CT
numbers in individual pixels might be misleading in the
case of a medical CT scanner. The reason for this is the pro-
prietary software and algorithms that process the data,
which may apply different kind of filters to the image.
Because those algorithms and filters are unknown, in order
to test the feasibility of the method, it must be assumed
that a parameter k2 defined by Equation (7) is valid:

k2 = CT1
CT2

, (7)

where CT1 is the CT number obtained at the lower X-ray tube
acceleration voltage, and CT2 is the CT number obtained at
the high acceleration voltage. Lindgren et al. (2016) studied
the relation between k1 and the MC, buts in the present
project k2 is compared to the MC determined by the gravi-
metric method. One of its reported benefits of DECT would
be the possibility to determine the local MC distribution, but
in our study only the average of the entire specimen was con-
sidered because it would ultimately not be possible to use as
reference of local values of MC, obtained with the gravimetric
method.

A Siemens Somatom Emotion Duo CT-scanner was used. It
allows acceleration voltages in the X-ray tube of 80, 110 and
130 kV, which provide average photon energies of 52, 63
and 70 keV, respectively (Huda et al. 2000).

The specimens were first scanned in the green state using
a series of single scans with the scanning plane oriented per-
pendicular to the longitudinal direction of the specimen. The
scans were distributed throughout the length of the specimen
so that the whole specimen was scanned with no overlapping
of the scanning beam between scans. The process was carried
out at two X-ray tube acceleration voltages, 80 and 130 kV,
and two sets of data were obtained. The scanner was set
with a pixel size of 0.14 × 0.14 mm2 and a scanning depth of

10 mm. The scanner was centred at the volume sections so
that the 10 mm scanning depth of the scanning beam
would cover the whole section of the specimen. After per-
forming the two scans at different energy levels, the scanning
position was moved 10 mm in the longitudinal direction of
the specimen so that it was centred in the next volume
section, and the process was repeated until the whole speci-
men had been scanned at the two energy levels. Figure 1
shows one of the specimens in which the 10 mm sections cor-
responding to each single scan are drawn, and their corre-
sponding scanning images are presented. With the
information collected through this procedure, the average
CT numbers of the entire specimen at the two energy levels
were calculated so that k2 could be calculated according to
Equation (7). Afterwards, the specimen was dried to a lower
MC and the process was repeated until the specimen
reached 0% MC. The calculations to obtain k2 were performed
in Matlab (The MathWorks Inc. 2018) by processing the CT
images as matrices and computing only those pixels contain-
ing CT numbers in the range corresponding to wood.

The weight of the specimens was obtained at the time of
each scan so that the MC could be calculated gravimetrically
after the specimen had reached zero MC. Finally, for each
specimen a dataset was obtained consisting of a series of
different MC values ranging from green to completely dry,
and the corresponding k2 values.

For the statistical study, each specimen at a given MC was
considered as an independent observation. For instance, the
brittle willow specimens were scanned at ten different MCs,
and each specimen thus gave ten independent observations.
For each of four specimens of brittle willow, which makes a
total of 40 independent observations. For each species, a
regression equation with all the independent observations
was drawn to create a model to predict moisture content
from k2. The MC value of each specimen was then predicted
with the model created and compared with the gravimetric
MC. The prediction ability of the model was evaluated with
the root-mean-square error (RMSE):

RMSE =
���������������������∑n

1 (MCg −MCCT)
2

n

√
, (8)

where n is the total number of observations, MCg is the MC
obtained gravimetrically and MCCT is the MC obtained from
the CT data.

For Scots pine, there were 12 specimens, and the MC and
k2 values were obtained at 5 times for 6 of the specimens and
at 7 times for the other 6. For Norway spruce 6 specimens
were studied at 7 different times and for brittle willow, 4 speci-
mens were studied at 10 different times. Defining what consti-
tutes an independent observation as explained earlier, Scots
pine provided 72 observations, Norway spruce 42 obser-
vations and brittle willow 40 observations. The reason
behind this difference in number and spread in the measure-
ments is that the experiments were not performed simul-
taneously and the next experiment was designed according
to the results obtained in the previous ones, trying to
collect data for those MC levels that seemed to be the most
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relevant. Nevertheless, in the statistical analysis, all obser-
vations were considered.

To avoid confusion, MC is expressed in this paper in the
decimal format.

The drying equipment was chosen based only on practical
reasons because the research aims to measure the MC at
different levels and not to study the drying procedure. The
specimens were dried in an ordinary microwave oven to
approximately the fibre-saturation point (FSP) because this
gives faster drying than any other available method. Drying
wood in a microwave oven below FSP can cause internal com-
bustion, so below FSP the specimens were conditioned in a
climate chamber. The final drying to 0% MC was performed
in an oven at a temperature of 103°C.

Results

Figure 2 shows the results of the MC gravimetric measure-
ments plotted against k2, differentiated into specimen and
species.

Analysis and discussion

The values plotted in the graphs in Figure 2 were fitted with
third-order polynomials:

MCpine = 2e6k32 − 7e6k22 + 7e6k2 − 2e6, (9)

MCspruce = 2e6k32 − 6e6k22 + 5e6k2 − 2e6, (10)

MCwillow = 7e6k32 − 2e7k22 + 2e7k2 − 6e6. (11)

The choice of a third-order polynomial to establish the
models was conditioned by the pattern followed by the
data for brittle willow, and it was then decided to use third-
order polynomials also for Scots pine and Norway spruce in
order to maintain consistency. From the model for the predic-
tion of MC from k2 the graphs shown in Figure 3 were
obtained.

A relationship between MC and k2 is obvious for Scots pine
and Norway spruce, but in the case of brittle willow, there is a
clear anomaly at around 0.2 MC, where the increase in k2 with
increasing MC does not follow the general trend (Figure 2).
After a thorough inspection of the results and repetition of
the experiments, no experimental errors were found to be
the cause of the anomaly. A reason could be in the reconstruc-
tion process and the filters that may be built into the software,
which are unknown because they are proprietary. This
anomaly affected the choice of a third-order polynomial for
the model equation. The coefficient of determination for the
fitted cubic function is 0.97 for Scots pine and brittle willow,
and 0.98 for Norway spruce. The root mean square error
(RMSE) of prediction of MC is 0.11 for brittle willow, 0.04 for
Norway spruce and 0.07 for Scots pine. Such a prediction
ability is however too weak for most potential applications
of the method, such as measuring the MC in real time
during drying under laboratory conditions. A much higher
precision is usually required.

Even though the observed-predicted plot shown in Figure
3 suggests a great prediction ability, the RMSE and further
analysis of the residuals plots show otherwise. The

Figure 1. One of the specimens with the scanned sections marked (left) and the scans corresponding to each of these sections in the green condition with X-ray tube
acceleration voltage of 80 kV (right).

Figure 2. MC measured gravimetrically as a function of k2, obtained from the CT data for Scots pine, Norway spruce, and brittle willow.
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distribution of the residuals is not symmetrical in relation to
the zero line, nor is it constant along the horizontal axis. In
the three species, the residuals seem to be larger of higher
MC, and the distribution of the residuals seems to follow a
similar pattern in all three species, which suggests that
there could be a missing variable or group of variables that
hinder the prediction, or even that the relationship between
k2 and MC could be a rational function. The value of k2
seems being highly uncertain, and small variations in k2
would cause large inaccuracies in the prediction of MC. CT
images show noise that is dependent on the reconstruction
kernel used and on the energy level, but there is always a
certain amount of noise, which greatly affects the value of k2.

The uncertainty of the calculation of k2 and MC can be
studied using Equations (12) and (13) based on examples of
theoretical CT numbers that fit the model in the interval of
k2 values that are relevant.

(Dk2)
2 = (DCT1)

2 ∂k
∂CT1

( )2

+(DCT2)2 ∂k
∂CT2

( )2

, (12)

(DMC)2 = (Dk2)
2 ∂MC

∂k2

( )2

. (13)

Based on MC predictions from Equations (9), (10) and (11), this
results in an uncertainty of prediction for Scots pine, Norway
spruce and brittle willow with CT1 = 500 ± 2 and CT2 = 506 ± 2

as shown in the equations:

MCpine = 0.2022 + 0.1011, (14)

MCspruce = 0.1054 + 0.4353, (15)

MCwillow = 0.1107 + 0.3765. (16)

The models show very poor prediction ability for pixel-wise
estimations of MC, even though the results as average values
for the entire wood specimens show a good correlation. An
error of ±2 in the measurement of a CT number is relatively
low considering that the noise in the image results in standard
deviations of 4.1 and 2.5 for CT1 and CT2, respectively, when
measuring a water phantom. When performing pixel-wise cal-
culations it must also be noticed that the sharpness of the CT
image varies with the energy spectra of the X-ray beam, and
this may introduce anomalies and reveal patterns that
respond to anatomical features such as the earlywood/late-
wood transition, and not to actual differences in MC.

The uncertainties in earlier studies of MC measurements by
DECT, and the poor prediction ability of our measurements
indicate some major flaw in the suggested theory for the
so-called quotient method, and we therefore suggest the fol-
lowing theoretical approach.

Figure 4 represents the assumption that wood is scanned
at two different X-ray tube voltages, e.g. 50 and 150 kVp,
representing two energy spectra E1 and E2.

Figure 3. Observed-predicted plots (top), residuals in relation to predicted MC (middle) and residuals in relation to gravimetric MC (bottom) for Scots pine (left),
Norway spruce (middle) and brittle willow (right).
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The linear attenuation coefficient (μ) of a material (in a
voxel) consisting of different atoms, i, is given by:

m =
∑
i

NA

Mi
risi , (17)

where NA is the Avogadro number, Mi is the atomic weight for
the atomic species i, ρi is the density, and σi is the microscopic
cross-section for atom i.

If wood is regarded as a compound of wood substance and
water, where wood is mainly regarded as consisting of
oxygen, hydrogen, and carbon atoms in the form of carbo-
hydrate [CH2O], the linear attenuation coefficient (μ) can be
expressed as:

m = rwaterNA

∑
i

pi
1
Mi

si + rwoodNA

∑
i

pi
1
Mi

si , (18)

where ρ is the density and pi is the number portion of the
atoms in water and wood, respectively.

The linear mass attenuation coefficient (μ) at the two
different X-ray tube voltages can then be expressed as:

m1 = a1rwater + b1rwood
m2 = a2rwater + b2rwood

{ }
. (19)

where ai and bi are constants based on Equation (18).
From Equation (19), ρwater and ρwood can be solved and the

moisture content ρwater/ρwood can be calculated. However,
earlier authors have preferred to study the quotient μ1 and
μ2 as:

k = m1

m2
or k = a1rwater + b1rwood

a2rwater + b2rwood
. (20)

If the X-ray tube voltages are in the range of 50–150 kVp, the
wavelength of the X-ray radiation is between 0.02 and
0.003 nm, i.e. the attenuation of the beam takes place in the
electron shells with the atomic numbers Z for the different
atoms. There are three processes:

(1) The photoelectric absorption (p), where the microscopic
cross-section of atoms is sp

i � Zn/EI , where n and I are
a positive constants.

(2) The Compton effect where sC
i � Z · f (E/mec2) according

to Klein-Nishina, where mec
2 = 511 keV is the electron

mass in energy units.
(3) Electron pair production only exists at energies greater

than 2mec2, and is not of interest when only X-ray is
concerned.

In the present energy range, it is contended that the
Compton effect is the most important factor in this energy
range (see e.g. Sedlmair 2009, Equation (1.12) and p. 21).
The function f (E/mec2) is the same for each atom.

ak = f
Ek

mec2

( )∑
i

ai(zi) = f
Ek

mec2

( )
ak, tot k [ 1, 2, (21)

where i is the water components (atoms), and

bk = f
Ek

mec2

( )∑
m

bi(zm) = f
Ek

mec2

( )
bm, tot k [ 1, 2, (22)

where m is the wood components (atoms).
The total dependence of the different energy spectra is in

the factor f (E/mec2), which gives that a1, tot =
∑

i ai = a2, tot =
atot and b1, tot =

∑
i bi = b2, tot = btot.

This means that:

m1 = atot f
E1

mec2

( )
rwater + btot f

E1
mec2

( )
rwood

k [ 1, 2,

(23)

m2 = atot f
E2

mec2

( )
rwater + btot f

E2
mec2

( )
rwood , (24)

and that

m1

m2
=

f
E1

mec2

( )
(atot rwater + btot rwood )

f
E2

mec2

( )
(atot rwater + btot rwood )

=
f

E1
mec2

( )

f
E2

mec2

( ) , (25)

i.e. the quotient is independent of ρwater and ρwood and the
moisture content cannot be determined.

Conclusions

The purpose of this study was to evaluate the hypothesis that
dual-energy CT (DECT) can be used for the determination of
moisture content (MC) in real time with a medical CT
scanner or similar X-ray scanners. A medical X-ray CT
scanner was used to measure the density profile of wood X-
ray tube acceleration voltages of 80 and 130 kV and the quo-
tient of the CT-numbers at different acceleration voltages (the
so-called quotient method) was used to try to separate the
water density component from the wood density component
in the CT measurements.

The analysis of the data and of the prediction ability of the
model does suggest that the hypothesis cannot be confirmed.
The DECT method is considered not to be suitable for MC cal-
culations on pixel level or for large specimen sizes.

In the present range of energies for the X-ray quanta’s it is
contended that the dominating factor for the attenuation of
the beam is Compton scattering. The microscopic cross-
section follows the Klein-Nishinás formula,
sC
i � Z · f (E/mec2). In the matrix method, the lines are then

linear dependent and the determinant is zero, i.e. the matrix
cannot be inverted. In the quotient method used in the
present study, the MC disappears. The conclusion is that
DECT cannot be used for the determination of the MC in
wood.

Figure 4. Graphs showing the two energy spectra E1 and E2, assuming that
wood is scanned at two different X-ray tube voltages V1 and V2.
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