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Abstract 

Computed tomography (CT) can be used to study wood-water interactions in different 
ways, such as by determining wood moisture content (MC). The determination of MC 
requires two CT images: one at the unknown moisture distribution and a second one at 
a known reference MC level, usually oven-dry MC. The two scans are then compared. 
If the goal is to determine the MC in local regions, when studying moisture gradients for 
instance, wood shrinkage must be taken into account during the data processing of the 
images. The anisotropy of wood shrinkage creates an obstacle, however, since the 
shrinkage is not uniform throughout the wood specimen. 

The objective of this thesis was to determine the shrinkage in wood in each pixel of a 
CT image. The work explores two different methods that estimate from CT images, the 
local shrinkage of a wood specimen between two different MC levels. The first method 
determines shrinkage for each pixel using digital image correlation (DIC) and is 
embedded in a wider method to estimate the MC, which is the parameter verified 
against a reference. It involves several steps in different pieces of software, making it 
time-consuming and creating many sources of possible experimental errors. The MC 
determined by this method showed a strong correlation with the gravimetrically 
measured MC, showing an R2 of 0.93 and the linear regression model predicted MC 
with a RMSE of 1.4 MC percentage points. 

The second method uses the displacement information generated from the spatial 
alignment of the CT images in order to compute wood shrinkage in the radial and 
tangential directions. All the required steps are combined into a single computer 
algorithm, which reduces the sources of error and facilitates the process. The RMSE 
between this method and the determination of shrinkage measured in the CT images 
using CAD has shown acceptable small differences. 

Both methods have proved to be useful tools to deal with shrinkage in different ways by 
using CT images. In one case MC was successfully estimated, being the shrinkage 
calculation a necessary step in the process, and in the other case the radial and tangential 
shrinkages were successfully estimated for each pixel. Nevertheless, the difficulty in 
comparing the shrinkage coefficient calculated for local regions with a reference value 
suggest that more research must be carried out in order to be able to draw reliable 
conclusions.  
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Sammanfattning 

Datortomografi (CT) kan användas för att på olika sätt studera interaktionen mellan trä 
och vatten, till exempel för att bestämma träets fuktkvot. För att fastställa fuktkvoten 
behövs två CT-bilder som jämförs med varandra: en bild på det träprov för vilket 
fuktkvoten ska bestämmas, och en bild på en referens med känd fuktkvot vilket vanligtvis 
är ett prov med 0% fuktkvot. Om syftet är att bestämma fuktkvoten lokalt inom ett prov, 
t.ex. för att studera fuktgradienter, måste träets krympning beaktas vid databehandlingen 
av bilderna. Träets anisotropa krympning skapar problem eftersom krympningen inte är 
lika genom hela träprovet. 

Målet med detta arbetet har varit att finna en metod för att kunna mäta träets krympning 
på pixelnivå i en CT-bild. Två olika metoder har utvärderats och de är baserade på CT-
bilder för att uppskatta krympningen hos ett träprov när fuktkvoten ändras mellan två 
nivåer. Den första metoden är baserad på digital image correlation (DIC) och är ett 
delsteg i en metod för att uppskatta fuktkvoten. Metoden inkluderar flera steg i en 
programvara, vilket gör den tidskrävande och skapar många källor till experimentella 
mätfel. Vid bestämning av fuktkvot med denna metod erhölls en god korrelation med 
torrviktmetoden, dvs. ett R2-värde på 0.93 och den linjära regressionsmodellen 
predikterade fuktkvoten med ett RMSE-värde på 1.4 procentenheter för fuktkvot. 

Den andra metoden utnyttjar information om lokala förskjutningar i trämaterialet för att 
beräkna träets krympning i radiell och tangentiell riktning i varje pixel i CT-bilden. Alla 
beräkningssteg kombineras till en enda datoralgoritm, vilket minskar möjligheter felkällor 
och gör processen snabbare. RMSE har visat små skillnader mellan denna metod och den 
som fastställer krympningen från mätningar direkt ifrån CT-bilder med hjälp av CAD. 

Båda beräkningsmetoderna har visat sig vara användbara verktyg för att bestämma träets 
krympning och fuktkvot från CT-bilder. Svårigheter med att jämföra 
krympningskoefficienten som beräknats för lokala områden med ett referensvärde visar 
att mer forskning måste genomföras för att kunna dra säkra slutsatser. 
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Introduction 

This thesis deals with moisture content (MC) and shrinkage measurements in local 
regions of sawn timber using a medical computer tomography (CT) scanner. A necessary 
step in the method to calculate local MC with CT images is the introduction of a 
coefficient to compensate for the shrinkage of the wood piece from the MC to be 
measured to the totally dry state. The procedures described in the thesis aim for the pixel 
level, which is the smallest unit of a CT image. A pixel of a CT image is a two 
dimensional entity with a grey scale value known as CT number and, for wood, this 
number is a function of density. The CT number of the pixel is the average for a three 
dimensional entity (called a voxel) corresponding to the dimensions of the pixel and the 
depth of the scanning beam. In this thesis, the voxel size is ca. 0.3 x 0.3 x 10mm3. 
Measuring the MC in local regions inside the wood would make it possible to monitor 
the behaviour of moisture during drying, and this would in turn be an advance in 
wood-drying research. The knowledge would most probably be transferrable to other 
process involving MC variations and shrinkage in wood. 

In this thesis only two species have been studied: Scots pine (Pinus sylvestris L.) and 
Norway spruce (Picea abies (L.) Karst.). Both tree species belong to the taxonomic 
division Pinophyta, which makes them softwoods. It can be argued that there are a lot of 
differences between them, and in fact there are differences in anatomy, properties and 
chemical composition that condition their use. Nevertheless, compared with the great 
variability that exists among trees and wood species, Scots pine and Norway spruce are in 
fact quite similar to each other, which permits the use of several highly mechanized 
industrial facilities that process both. For this reason and in order to simplify the text, 
generalizations in this thesis refer to these two species, unless otherwise stated. 

Wood and water relations 

Wood is a bio-polymeric material formed by plant cells, with a porous structure and high 
hygroscopicity. These cells are hollow tubes with an approximately square section 
arranged in a way that defines three main anatomic directions: radially from the pith of 
the tree outwards, tangentially to the growing rings and longitudinally to the main 
growing direction, as shown in Figure 1. Many wood properties are anisotropic in 
relation to these three directions, and this has a strong influence on the industrial 
processing and final use of wood. 

Water can be present in wood in two forms: liquid water in the lumen of the cells (free 
water) and water molecules chemically bonded to the cell walls (bound water). 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, tending towards the equilibrium moisture content (EMC) at which the wood 
is in equilibrium with the environment at the given temperature and relative humidity. 
When wood is drying, the free water is the first to evaporate and only when there is no 
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more liquid water in the cell lumen, at the so-called fiber saturation point (FSP), is 
bound water released from the cell walls. 

 

Figure 1: The three main directions in wood. 

 

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

a) Strength: Free water plays no role in the mechanical properties of wood, but 
bound water does. Strength decreases with increasing MC below FSP. As cell 
walls lose water molecules, the mechanical properties improve (Siimes 1967, 
Skaar 1988). 

b) Electric conductivity: Electrical conductivity increases dramatically with 
increasing MC below FSP (Stamm 1929). 

c) Dielectric properties: Dielectric permittivity in wood increases with 
increasing MC. It is also anisotropic, being highest in the longitudinal direction 
and lowest in the tangential direction (Daian et al. 2006). 

d) Dimensional changes: Drying below FSP causes shrinkage in wood while 
moistening causes swelling. The water molecules that are linked to the cell walls 
actually take up physical space, which 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 application. These dimensional changes occur 
anisotropically in the radial, tangential and longitudinal directions. 

e) Decay: As a biological material, wood is susceptible to biological decay. Above 
a certain MC level, wood becomes 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. In order 
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to prevent this from happening, wood must be dried as soon as possible after 
the tree has been felled.  

f) Quality: It is thus 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 to be used. The anisotropic behaviour of the shrinkage and 
swelling may lead to distortion and cracking of timber products. The drying 
process is thus greatly affected by this. At high temperatures, elasticity, plasticity 
and creep behaviour increase in wood leading to the release of stresses that 
otherwise could lead to defects. 

g) Industry: When water is removed from the wood, the weight that must be 
transported decreases. A freshly cut piece of wood may contain more than twice 
as much water by weight as the actual wood material. If sawn timber were left 
to dry in the sawmill lumber yard, the drying process would take months, 
defects such as cracks and deformations would occur and, in Sweden, it would 
not dry below 16% MC. In order to minimize the capital tied up and increase 
profit, wood must be dried artificially, which reduces the process to a matter of 
days. Although there are exceptions, further processes such as gluing, planing, 
coating and impregnating are normally performed on dry wood. 

Industrial wood drying 

One of the key processes in the wood industry is the drying of sawn timber. The process 
is highly energy demanding and, if performed correctly, it maximizes the quality of the 
final product. Scots pine and Norway spruce are the most common wood species in 
Scandinavia. Wood drying processes may be a bottleneck in the sawmill production and 
if they are not properly managed they can cause significant financial losses due to a 
deterioration in the quality of the sawn timber.  

In the industry, artificial air circulation drying is performed in kilns that can be of 
different kinds but with some common features. The essential principle is that the 
climate inside the chamber is controlled during the drying process by regulating the 
temperature, the relative humidity and also the 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 of water (which in turn also influences the 
temperature). The air velocity, which has a great influence on the drying rate, is 
controlled by circulation fans. The evolution of these parameters with time is usually 
planned in advance, even though it is occasionally modified on the go. The plan for the 
drying process is known as the drying schedule. A drying schedule has various phases 
with different levels of relative humidity, air velocity and temperature, and also with 
different methods for heating and cooling. The aim when drying sawn timber is to 
obtain a uniform level of MC in all the timber pieces, but also within a single piece 
of timber, avoiding moisture gradients inside the wood that lower the quality of the 
sawn timber. 



4 
 

Considering that wood is a very heterogeneous material, even within a single species, it 
is obvious 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 have been dried 
as homogeneously as possible. The first drying schedules were empirically designed. 
Nowadays mathematical models and simulation tools help in the design of drying 
schedules but the final testing is in fact still empirically evaluated, which creates some 
limitations. One limitation is that there is no way to accurately monitor the MC during 
drying. Only when the drying process is completed is it possible to measure MC and 
confirm the reliability of the model used in the schedule design. The overall quality of 
the final product can then be analysed and, based upon the analysis, modifications in 
future drying schedules and changes in the model can be considered. Other parameters 
like distortions and residual stresses cannot be monitored during drying either, and they 
must be analysed when the drying is completed. Laboratory research can contribute to 
the development of new models and schedules, pointing in the right direction by 
reproducing drying processes in a laboratory scale, where controlling, monitoring and 
analysing is easier than in an industrial environment. The transfer of laboratory-test 
conclusions to an industrial environment requires fine tuning and in some cases may not 
be accurate at all, but laboratory tests nevertheless play a key role in this continuous 
development. Alternative and novel methods are based on the use of devices inside 
industrial kilns to monitor wood MC in real time and use the data as input for eventual 
ongoing modifications of the schedule. These methods add logistic difficulties, as these 
devices must usually be located inside the wood batches. Furthermore, they have not yet 
proven to be totally effective.  

Moisture content measurement 

The relative amount of water present in wood is indicated by the moisture content 
(MC). In wood science, the MC is measured on a dry weight basis, defined as the ratio 
of the weight of water to the weight of wood substance, usually expressed as a 
percentage. If a wood piece contained as much water as wood substance, its MC would 
be 100%. As in a growing tree, the weight of water contained within the wood 
substance network can exceed by far the weight of the wood substance itself, 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 2 hours is less than 0,1% (Standards 
Sweden, 2003). This is known as the oven-dry method, or the gravimetric method, and 
it is often considered the most reliable way of measuring MC in wood. This direct 
method does, however, have some problems, like the evaporation of other volatile 
compounds (known as extractives) during the drying, and the fact that it is not 
immediate or that it is a destructive method. Alternative indirect methods exist which 
can overcome these inconveniences, especially on the laboratory scale, such as computed 
tomography. 
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Computed tomography 

X -ray computed tomography (CT), which was introduced in the medical field in the 
early 1970s, is a powerful tool for the non-destructive characterization of many material 
properties. A CT scanner works simply by passing X-rays through the body of the 
material and receiving information with a detector on the other side. The X-ray source 
and the detector are interconnected and rotate around the body during the scanning 
period. X-rays are electromagnetic waves, which are absorbed differently by different 
substances. Low-density substances, such as low-density wood with a low MC and 
especially air, are more permeable to X-rays, while high-density substances, such as wet 
wood, knots and water, are less permeable. Figure 2 shows the setup of a medical CT 
scanner for the scanning of a green log and the resulting CT image. 

 

Figure 2: Setup of a medical CT scanner to inspect a log (left) and the CT image of a log in the 
green state (right). Image: www.ltu.se. 

 

CT can be used to assess the MC in wood during drying combining a laboratory-scale 
drying kiln with a CT scanner. The most common way to work with wood and a CT 
scanner is to create images of the cross section of a sample. An image from the CT 
scanner carries two kinds of information that are of interest for the determination of MC: 
spatial information and the pixel value (CT number). These two kinds of information 
make it possible to deduce volume and density respectively. Mass can thus be calculated. 
Comparing two images from the same spot in the same sample, one at a given MC and 
another at a reference known MC, makes it possible to calculate the difference in mass 
and, thus the MC.  
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Problem description 

Problem statement 

CT works well for measuring the average MC of the whole cross section of a piece of 
sawn-timber. Nevertheless, the level of moisture inside wood is rarely homogeneous, 
and there is interest in knowing the MC in smaller (mm-scale) local regions so that the 
internal MC gradient in wood can be studied. The method of determining the MC 
below FSP by comparing CT images is complicated because of the anisotropic shrinkage 
and swelling. The shrinkage and swelling due to changes in MC is different in the three 
principal directions, which creates an obstacle when comparing the images, because 
relative to the wet wood sample, the image of the dry sample is not only shrunk but also 
deformed (Figure 3). To calculate accurately the MC in local regions it is necessary to 
identify and demarcate those regions in the two images, considering that the wood piece 
represented in them is deformed and that the relative location of the region of interest 
may differ. 

 

Figure 3: CT image of the same wood sample (left) in the green state and (right) oven-dried. 

 

Due to the anisotropic deformation shown in Figure 3, the regions of the two images to 
be compared will not have pixel by pixel correspondence (Figure 4). 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 and it is a well-known process called 
image registration, which is implemented on an algorithm in image-processing software. 
Nevertheless, image registration modifies pixel values and eliminates or introduces new 
pixels with values deduced by averaging calculations. This is the main source of 
inaccuracy in the image-transformation process. The pixel values (the grey-scale values 
representing 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. This means 
that the wood regions that are being compared are not exactly the same, and the 
calculated MC is thus subjected to error. 
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Figure 4: Deformation and displacement relative to the pixel location of the region 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 corresponds 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 shows how this can be 
done using shrinkage information. Nowadays there are two different approaches to solve 
the problem, but the methods developed have not been tested further. In this thesis, two 
different methods are applied, one of which has been developed further since the 
publication of previous results. 

Vision 

The work is driven by the vision that it should be possible, on a microscopic scale, solely 
with the aid of CT, to measure the MC of a piece of sawn timber and observe the 
moisture flow behaviour when the wood is subjected to a process such as drying, and 
thus maximize the potential of CT scanners by knowing the MC of each pixel 
in a CT image. 

Obtaining such information will drive the development of powerful methods for 
studying hygroscopic phenomena not only in wood but also in many other materials. 
Industrial processes and the use of wood and wood-related materials in general will 
improve if more knowledge of wood-water relations is available. 

Purpose 

The purpose of this research was to study image processing so that images from a CT 
scanner can be used to calculate the MC in local regions, ideally at the pixel level, which 
is the smallest region in a CT image. 
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Objective 

The objective in this research is to measure the shrinkage in wood in each pixel of a CT 
image. 

To achieve this objective it is necessary to compensate one of the images for the 
deformation that the anisotropic behaviour of wood causes. It is thus necessary to find a 
way of processing CT images of the cross section in wood so that two images, one at a 
given MC and another at oven-dry conditions, correspond at the pixel level, so that a 
given pixel location in the two images represents the same wood region, and so that the 
CT numbers in the pixels make it possible to accurately calculate the MC at the pixel 
level. The procedure must be kept as simple and easy to perform as possible. 

Correspondence at the pixel level is already achievable through registration of one of the 
images with the other one as reference. The objective here was to explore the 
registration process and furthermore the implementation of an equivalent process into an 
algorithm that could also calculate shrinkage and eventually MC, avoiding the use of 
many different pieces of software. 

The novelty lies in the calculation of a shrinkage coefficient for each pixel, which 
introduces a correction so that the density and volume information would make it 
possible to calculate the pixel MC in a reliable and accurate way. The specimens used 
here had a MC much lower than that of previous publications. 

Research questions  

How can a local wood shrinkage coefficient 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 the calculated shrinkage coefficient be implemented in the image processing in 
a way that allows accurate calculation of MC at the pixel level solely with the aid of CT? 

Delimitations 

The present thesis deals with a parameter difficult to compare with a reference. The 
motivation to study shrinkage comes from a necessary step in the MC estimation 
method. Once the shrinkage is estimated, the problem is how to evaluate the estimation. 
There is no alternative method to measure directly the shrinkage in an area as small as a 
pixel. An experimental setup could be designed so that local regions are somehow 
delimited in a way that can be seen in the scanner, with reference holes, for instance, and 
the shrinkage in that region could be estimated by geometrical calculations. For the 
experiments presented in this thesis, however, the comparison was made using MC as 
the reference parameter (because of the simplicity of using the gravimetric method) and 
the average values of shrinkage (considering that it is the first time that the algorithm is 
applied and references must be reliable).  
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The present work is limited as follows: 

 Wood species: Scots Pine (Pinus sylvestris L.) and Norway spruce (Picea abies (L.) 
Karst.) were the species chosen for the experiments, since they are the main 
wood species used in the Swedish wood industry and because of their high 
availability. 
 

 CT technology: the experiments were performed on a medical CT scanner, 
which, despite having many advantages over other CT devices such as micro- 
and nano-CT scanners, has a lower resolution. The particular device used for 
the experiments described in this thesis has a maximum resolution of 0.98 x 
0.98 x 1 mm3 (which can be improved by applying different reconstruction 
algorithms), while micro- and nano-CTs work in the micrometre and 
nanometre scale respectively. 

The general conclusions and approach can probably be extended to other devices and 
other wood species. Nevertheless, this must be done carefully, especially regarding the 
use of CT devices different from the one used in this work. Different devices of the same 
model can differ relatively greatly. 

Any extension of the results here presented must take into account that the methods 
developed for shrinkage measurement and compensation at the pixel level have been 
developed recently and that there are few examples of its application in the literature. 
Hopefully these techniques will be used again in the near future and the reliability shown 
in this work will be confirmed. 

Summary of appended papers 

Paper I:  Implementation of computer aided tool for non-destructive X-ray 
measurement of moisture content distribution in wood. 
José Couceiro and Diego Elustondo. 

This paper attempts to validate the method shown in Watanabe et al (2012) (referred to 
here as the Watanabe method) by applying it to CT images of Norway spruce specimens 
taken with a medical CT scanner. The resulting MC levels in different sections of the 
images were compared with measurements made with the gravimetric method on 
equivalent sections of adjacent slices. The method uses digital image correlation (DIC) to 
calculate strain distributions in the image of the deformed (dried) wood piece. Strain 
values are further used to calculate a correction coefficient for each pixel according to a 
previously developed equation. The coefficient is then used to modify the pixel value in 
the registered image so that it corresponds with the pixel value of the image that served 
as reference during the registration. After this image-processing step, the MC is 
calculated from the relationship between the CT number and the wood density. The 
MC calculated in this way was compared with the MC obtained by the gravimetric 
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method in sections that were adjacent to the scan location. It was assumed that the MC 
value in a given section was similar to the MC in the section that was CT-scanned 
(Figure 5). 

 

Figure 5: Sketch of the experiment setup in a single sample. 

 

Paper II: Estimation of shrinkage coefficients in radial and tangential 
directions from CT images. 
Lars Hansson, José Couceiro and Bengt-Arne Fjellner. 

This paper applies an improved version of the algorithm developed by Hansson and 
Fjellner (2013) to calculate the shrinkage in wood slices subjected to a drying process. 
The results were compared with results obtained with computer aided design (CAD) 
software directly on the CT images. Measurements in pure radial and tangential 
specimens were also used as an extra confirmation of the average values. In this paper, an 
algorithm is applied that implements a process equivalent to that of the image registration 
process and the shrinkage calculation in the previous paper. The algorithm can calculate 
MC from the input of two images, one of them being the image of the reference oven-
dry sample. The MC was not calculated in these experiments. Only shrinkage was the 
focus since this is the crucial step in the calculation of MC. Shrinkage in both radial and 
tangential direction was compared with values obtained using CAD software directly on 
the CT images. The samples were half discs of whole stems, which facilitated the 
measurement of radial shrinkage and the calculation of tangential shrinkage from the 
radial and angle measurements. 
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State of the art 

Water and 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 of cellulose, embedded in a matrix of lignin and 
hemicelluloses in different proportions. Those three compounds have hydroxyl groups 
that can participate in hydrogen bonds with water molecules, which is the way by which 
water is absorbed by and linked to the wood substance. In order for a hydrogen bond to 
be created between water and one of the wood components, a hydroxyl group needs to 
be accessible, and this requirement excludes hydroxyl groups inside crystalline 
formations. As a result, water molecules bond mainly to lignin, hemicellulose and 
amorphous regions of cellulose (Dinwoodie 1989). Wood exchanges water with the 
environment tending towards the equilibrium moisture content (EMC). Wood absorbs 
water when the MC is below EMC and releases water when the MC is above EMC. 
The release and absorption of water below FSP, according to the atmospheric 
conditions, can be a very slow process if the temperature of the surrounding 
environment is low and if the relative humidity differs greatly from that of the EMC 
conditions for the actual MC. Except in specific laboratory tests, atmospheric conditions 
are rarely stable for long periods of time. Thus the MC of wood varies continuously, 
which means that the EMC is a theoretical concept more than a real MC level. Even 
with a stable MC under equilibrium conditions, which can be reached in the laboratory, 
there is a dynamic equilibrium with a continuous exchange of water molecules with the 
environment where the number of molecules absorbed and molecules released 
compensate each other.  

As stated in the introductory sections, water can be present in wood as bound water or as 
liquid water, known as free water, in the cell lumens. While water molecules bond to 
wood substance by hydrogen bonds, which have a binding energy of around 25 kJ/mol, 
they bond to each other by polar bonds due to Van der Waals forces, with a binding 
energy of 0.15 kJ/mol (Fengel and Wegner 1984). This difference in binding energies 
means that, during the drying of wood, free water is the first to evaporate because it 
requires less energy to separate a water molecule from another water molecule than it 
does to separate a water molecule from wood substance (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 happens in an aqueous environment, as with all biological 
materials. Most of these cells become part of the water transportation system of the tree 
in the sapwood or xylem (a small proportion grows outwards and forms the phloem, the 
nutrient transportation tissue of the tree). The cross section of a living tree shows two 
different areas, usually visible with the naked eye, sapwood and heartwood. Sapwood is 
the outer part of the cross section of the stem, which still contains living cells with 
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specific biological functions. Besides providing structural support and nutrient storage, 
the main function of sapwood is water transport from the roots to the leaves of the tree, 
where photosynthesis takes place. Sapwood is thus saturated with free water. At some 
point during the lifetime of the tree, sapwood stops transporting water and gradually 
transforms into heartwood, which is the central part of the cross section. At the same 
time, all other cells with different functions than water transport die and cease to fulfil 
their biological role. Heartwood has no function other than structural support of the 
tree. The location of these parts of the tree stem is shown in Figure 6. 

 

Figure 6: Cross section of a tree stem. 

 

In a living tree, both sapwood and heartwood are fully saturated with bound water and 
all the available hydroxyl groups in the wood components are bonded to water 
molecules. While in sapwood the cell lumina are also saturated with free water, because 
of their water transportation function, heartwood contains almost no free water. In 
practice, this is also considered to be true for freshly cut wood that has not being 
subjected to a drying process, even though free water actually starts to evaporate from 
the exposed parts of the wood when the tree is felled. Green wood can contain more 
than twice as much water by weight as the 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, very often, 
both. As explained in previous sections, wood must be dried prior to use, so that all free 
water is removed and part of the bound water as well. The goal is to reach a MC close to 
the EMC corresponding to the expected average atmospheric conditions in which the 
wood will be used. As indicated previously, there is less free water in heartwood than in 
sapwood, and the free water evaporates first, until the FSP is reached, after which bound 
water starts to evaporate as well. This means, at least theoretically, that there will be a 
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point during the drying process when the heartwood part of a board is below the FSP 
while the sapwood is still above the FSP, assuming that all the surfaces of the board are 
exposed to the same conditions. 

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 water is not frozen; whereas below the FSP, decreasing MC leads to an 
increase in mechanical properties. All properties are not affected by MC to the same 
extent. Strength and static properties are more sensitive to MC changes than stiffness and 
dynamic properties (Arnold 2010). Toughness and work to maximum load in bending 
tests are rarely affected by MC changes, and, depending on the wood species, they may 
vary in either direction with changing MC. As 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). As the MC rises, fracture behaviour shows lower values for various fracture 
parameters (Tukiainen and Hughes 2016). Neither MC nor temperature have any 
significant effect on the failure mode. Bending properties are moderately dependent on 
MC, in contrast to compression 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 kinds of 
properties are usually performed on small, knot-free, clear samples, which also influences 
the extrapolation of the laboratory conclusions. In these cases, the influence of MC on all 
mechanical properties is greater than on larger pieces. The inhomogeneity inherent in 
wood, which relates to the tree anatomy, usually introduces other factors whose 
influence on the results of mechanical tests is greater than that of MC.  

An important parameter to consider regarding MC, drying and shrinkage is creep. Creep 
is the permanent deformation of a material under mechanical stress, and in wood drying 
it has two components: viscoelastic creep, due to the viscoelastic nature of wood; and 
mechano-sorptive creep, which happens when the material is subjected to mechanical 
stress while undergoing MC changes and is faster than viscoelastic creep (Morén and 
Sehlstedt-Persson 1993, Perré, 1999). Even though there are models describing the creep 
behaviour of wood during drying, no theoretical explanation has been widely accepted. 
In industrial kilns, wood is dried under load, which, in order to minimize deformation, 
takes advantage of creep and of the fact that it happens faster with increasing 
temperature. 

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

Moisture content measurement 

To avoid errors in the gravimetric determination of MC due to the evaporation of 
extractives, a distillation method can be used. With this method, 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 possible to quantify the amount of water and the amount of 
extractives. The method is somewhat inaccurate due to the difficulty of measuring water 
volumetrically, and this led to the development of a titration method, which is a more 
accurate way of measuring water content.  

Other laboratory-scale methods have been developed for very accurate measurements 
related to MC and MC changes. Dynamic vapour sorption is a technique often used for 
characterizing different sorts of materials. It is mostly used to obtain sorption isotherms, 
which describe the behaviour of a material when releasing or absorbing water to establish 
an EMC with the environment. Hysteresis is a well-known characteristic of the EMC in 
wood: if wood is in the process of desorption, the EMC is higher than if the wood is 
absorbing moisture under the same conditions. Somewhat similar to this method is the 
sorption method, where the sample is placed in a closed vessel and 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 electric conductivity between two pins inserted in 
wood and, taking into consideration the temperature, the MC is calculated based on the 
fact that water has a much higher conductivity than wood. The electrical conductivity 
decreases with decreasing MC. Besides being reliable only for MCs between 7% and FSP 
(Forsén and Tarvainen 2000), this method is affected by factors such as the wood species, 
grain orientation, density and possible handling errors. In sawmill production, these 
instruments are used to obtain mean values of MC on whole batches of sawn timber. 
Their precision is between ±1.5 and ±2.5 MC percentage points (Milota and 
Quarles 1990).  

Electrical 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 other materials like 
wood. These so called dielectric/capacitive devices do not penetrate the wood material 
and they measure the MC near the surface. As with electric meters, the accuracy of 
dielectric/capacitive meters is limited to levels below FSP, down to 2% MC (Dietsch et 
al. 2015). 
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The use of radiation is an alternative approach to the contact and destructive methods. In 
some cases, the measurement must be quick, need high accuracy, and avoid further 
drying of the sample, and in such cases, a method based on radiation can be useful. 

Microwaves are used to study properties of wood such as the MC (Bogosanovic et al. 
2010). The principle behind the technique is that microwave beams are depolarized, 
attenuated and phase shifted when they propagate through wood. The amounts by 
which these parameters change depend on the grain direction, MC, temperature and dry 
density (Torgovnikov 1993). The first microwave devices developed for MC 
measurements were designed for materials such as wheat, sand, coal or tobacco (Orhan 
2004). Later studies adapted microwave devices to wood and 3D finite element 
modelling has been used to generate a prediction model for MC (Lundgren and Hansson 
2007). These techniques were mainly focused on developing control systems in industrial 
environments. Today it is possible to predict MC with an uncertainty of less than 0.5% 
(Aichholzer et al. 2013) and correlation between prediction and the true value with R2 
values up to 93% (Denzler et al. 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 that is being 
measured. The technique cannot be used to create maps of MC within the wood. Antti 
(1999) showed several applications of microwaves not only as a MC measurement 
method, but also as a drying method. Hansson (2007) studied further the interactions of 
microwaves with several wood properties as well as its use as a drying method. 
Microwaves have been largely studied for their application in wood, but their use in 
industrial environments is still not very extensive. 

Near-infrared (NIR) spectroscopy can be used to measure MC in the surface of wood 
with very high accuracy (Hoffmeyer and Pedersen 1995). When infrared (IR) radiation 
impacts a material, some of the IR radiatiton is absorbed in the superficial regions and 
some is reflected. The reflected IR radiation can be collected and transformed into an 
IR spectrum. The spectrum depends on the chemical composition, density, and MC of 
the material (Nyström and 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. 

Even though it was 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 a wide range of wood structure characteristics through imaging, 
such as annual rings, sapwood-heartwood transition, rays, reaction wood, resin canals, 
knots, wounds, wet wood or decay by fungi; but it also 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 in living trees. In addition to quantitative MC estimations, this technique 
provides a means to study water states under different conditions, which makes it 
possible to study the 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 are evaporated 
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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 
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 and Elder 2009). 
Even though more affordable devices have been developed in recent years, their high 
cost is still a limiting factor for their use. The penetration depth of NMR devices is a few 
millimetres and the resolution can be below 100 μm (Perlo et al. 2005). 

Neutron imaging (NI) is also used for the determination of MC in wood with a spatial 
resolution of around 40 μm. The working principle, similar to many other techniques 
based on radiation, is to measure the attenuation of the neutron beam 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 moisture 
distribution in wood (Niemz and 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 with gravimetric methods (Mannes 
2009). Some limitations of NI are sample size, which is usually limited to a few 
centimetres, and the limited availability of facilities where NI can be performed.  

Fibre saturation point and anisotropy of wood 

The point at which there is no free water in the cell lumens or other voids, but where 
the cell walls are fully saturated with bound water was defined by Tiemann (1906) as the 
FSP. In practice, this is the conceptual definition still in use. There is, nevertheless, a 
debate about the definition of FSP and there is also evidence that, at some point, both 
liquid and bound water evaporate simultaneously. For the purpose of most materials 
science research, the point of interest is the moisture level at which the physical 
properties of wood start to change during drying. That MC level depends on several 
factors and, for most wood species, is at about 30%.  

For Scots pine and Norway spruce in the green state, sapwood has a MC of about 130%, 
whereas in heartwood it is around 35% (Esping 1992). If liquid water evaporates in the 
first place during a drying process, a stage will be reached, at least theoretically, where 
heartwood contains no more free water while free water 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 still need to be evaporated before 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 as bound water is 
released but not in the sapwood. In reality, there are many factors that can alter the 
drying process and interfere with this process, like the exposure of the sides of the 
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boards. Should shrinkage occur in only one region of a wood piece, it will create an 
additional source of stress, together with the anisotropy of shrinkage itself, and increase 
the possibility of defects such as cracks and distortions. This is one of the reasons why 
FSP has been in the focus of research for a long time, and it also illustrates why, for the 
purpose of wood drying research, the definition of FSP is still related to the 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 phases in the drying process: the capillary phase (evaporation of free water) and 
diffusion phase (evaporation of bound water). The transition between the two phases 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.  

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 
constituents. When water molecules that are bound to the cell wall are released, 
microfibrils move closer to each other, increasing inter-microfibrillar bonding, causing a 
macroscopic shrinkage in the material. Under atmospheric conditions at a higher relative 
humidity than that corresponding to the MC of wood, water molecules from the 
surrounding air bond to wood substance, separating microfibrils from each other, and 
causing swelling. 

Softwood cells are hollow tubes with almost square sections with a length of about 3 mm 
and a diameter of about 30 μm. They are narrower at both ends than in the middle 
section, and are interconnected to each other by orifices in the cell wall known as pits. 
Most of the cells are aligned 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 not only relates to 
dimensional change, 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.  
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Figure 7: Radial cracks in a cross section of pine due to shrinkage anisotropy. 

 

Capillary flow and diffusion 

As indicated above, free water is evaporated during the capillary phase, whereas bound 
water is evaporated during the diffusion phase. Wiberg (2001) used CT to explore this 
aspect and showed how free water is released from wood not from the surface but from 
an evaporation front located about 2 mm beneath the surface, creating a so-called dry 
shell. 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 been in existence 
since Hawley (1931) developed it theoretically and Siau (1971) explored it to some 
extent. Furthermore, Wiberg (2001) showed how the evaporation front recedes at some 
point during the drying that corresponds to the situation when the free water network 
loses continuity, which has been named irreducible saturation. Following a different 
approach, Salin (2006) was able to confirm this behaviour of the water flow in wood. 
This behaviour is also influenced by the anatomical structure and cavity-size distribution. 
Scheepers et al (2007) suggest that, during 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, irreducible saturation marks the 
start of the transition phase from capillary flow to diffusion.  

After all the free water has been released from wood, evaporation of bound water starts 
and drying enters the diffusion phase. Below the FSP, wood dries creating a gradient 
where the core of 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 the creep during the drying, may cause defects such as 
deformation and cracks. To compensate for this gradient, wood is usually dried under 
conditions to reach a MC lower than the goal MC, ideally reaching a point where the 
core of the wood piece is at the goal MC while the outermost parts are drier. 
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A conditioning phase is then introduced, where the wood is re-moisturized and the 
outer part is expected to reach the same MC as in the core. This is a theoretical rationale 
that is extremely complex in practice, because it is not possible to monitor it while it is 
performed. The only way to study it is after the drying has been completed. The 
conditioning is also used to release compressive forces in the side of the board that has 
been affected by the creep produced by the shrinkage anisotropy. 

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 they eventually bond to the cell walls (Morén 2016). Different 
explanations for the mechanism behind 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 (Katekawa and Silva 2006, da Silva et al. 2014, 
Zhao et al. 2016). These models tend to be reliable under specific conditions involving 
certain types of drying process, certain wood types, species, etc. Nevertheless, there are 
so many factors involved in a drying process that a unique model will be extremely 
difficult to establish. 

Computed tomography: working principle 

CT is based on the utilization of X-radiation. A CT scanner works by emitting X-rays, 
sending them through a material, and collecting the X-rays again at the side opposite to 
the emitting point. As it flows through a material, X-ray radiation attenuates based on 
the attenuation coefficient, which is dependent on the chemical composition of the 
material, according to Lambert-Beer’s law: 

 =  Eq. 1 

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

A CT scanner consists of a radiation source and detectors that rotate around a 
longitudinal axis and are placed at opposite positions on the rotation circumference 
around the sample. The data collected in the detectors is converted into a 
two-dimensional image by a filtered back-projection (or convolution) algorithm based 
on a Fourier transform. From the resulting data, the X-ray linear attenuation coefficient 
(or absorption coefficient) can be calculated for each pixel of the two-dimensional CT 
image. In CT, one pixel represents a three dimensional volume (voxel) of the material 
scanned that has the dimensions of the pixel size and the width of the scanning beam 
(e.g. depth of the voxel). The X-ray attenuation coefficient is further normalized with 
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respect to the corresponding absorption coefficient for water, leading to the CT number 
or Hunsfield number, according to: 

  = 1000 · ( )  Eq. 2 

where μx is the attenuation coefficient of the tested 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 corresponds to the attenuation coefficient of air, 
while a CT number of 0 corresponds to the attenuation coefficient of water. The CT 
number is used to generate a map of inhomogeneities in a position perpendicular to the 
rotation axis. Such a map is presented as a raster image in which the value of each pixel is 
the average CT number of the voxel. There is great variability on voxel dimensions and 
pixel size depending on the type of CT and the specific device. The pixel size of 
micro-CT scanners is in the micrometre range, whereas for a nano-CT scanner, the 
pixel size is in the nanometre range. The medical CT scanner used for the work 
presented in this thesis has a pixel size of about 0.98 x 0.98 mm2, which can be smaller if 
reconstruction algorithms are applied.  

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 it 
made it possible to inspect the internal features of logs and timber. Benson-Cooper and 
Knowles (1982) performed the first CT tests on logs to detect internal defects, using a 
portable CT apparatus. The relation between the CT number and the wood density was 
studied by Lindgren (1985), who was the first to carry out feasibility studies on the use of 
CT in timber, focusing on the use of medical CT scanners. 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 density- and moisture-measuring methods or even other kinds of CTs, 
such as micro- and nano-CTs. Scanning time and sample size are the most important 
factors. Other techniques require scanning times that are so long that the MC of the 
sample may change during the measurement. A medical CT scanner takes only a few 
seconds to scan each slide, while micro CT scanners, NIR, MRI or Neutron 
tomography can take a considerably longer time. Although the resolution is lower, a 
medical CT scanner offers a convenient balance between accuracy, sample size and 
scanning time, being appropriate for many applications in wood research, especially 
when studying industrial processes. In addition to the disadvantage of the long scanning 
time, a micro-CT scanner can be used only with samples with a largest dimension of ca. 
400 mm, depending on the particular model, whereas with nano-CT samples of up to 
only about 150 mm can be scanned. When industrial processes such as drying or thermal 
treatments are being studied, the aim is usually to reproduce with accuracy such 
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industrial processes in laboratory-scale. A medical CT scanner is a tool that can be used 
for studying laboratory-scale processes and make it possible to keep the essential features 
of the industrial-scale process. 

Another aspect is its versatility and ease of operation. Even though a medical CT scanner 
is a relatively large piece of equipment, it can be manageable in a laboratory-scale facility 
and does not require specific training to be operated. Its size makes it possible to scan 
large pieces of wood and, at the same time, the device can be implemented in different 
ways in an experimental setup. With some adaptations, it is also possible to scan wood 
while it is being subjected to drying, thermal treatment or impregnation. 

There are certain limitations in the use of CT for wood research. One of them 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 
and Hewitt 1979). There are different reconstruction algorithms than 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 of density (and thus of CT number) between 
air (-1000 in CT number) and wood (approximately -500 in CT number). The firs 
pixels are usually cropped so that they do not distort the calculations. The phenomenon 
also affects other uses of CT-scanning, such as studies of composites of wood with high 
density elements such as bolts or metal connectors. In the case of a medical CT scanner, 
as used in the present work, these studies are also limited by the fact that the range of 
energies in these devices does not permit the scanning of metals that are above 
aluminium in the periodic table. In practice, this is solved by substituting all metallic 
parts by aluminium or some other material. 

Computed tomography to measure MC 

It is known that there is a linear relation between the CT number and the density of 
wood (Lindgren 1992), so the grey scale of a CT image can be interpreted as a density 
scale. Usually, CT images are calibrated so that white represents water (1000 kg/m3) 
and black represents air ( 0 kg/m3). A water phantom is scanned together with the 
specimen to be able to draw the greyscale in between, which is very suitable for studying 
wood material and wood-water relations. Figure 3 (p. 6) shows how sapwood in the 
green state is almost white, because it is saturated with water, whereas dry wood has a 
darker grey colour. 

The way in which CT images are used to calculate MC is analogous to the gravimetric 
method. Based on the relation between CT number and material density, it is possible to 
determine the density of the material represented in any given pixel by using the CT 
number of air and water as reference. The CT scanner settings establish the pixel size and 
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scanning depth, and the voxel volume is thus determined. With the volume and density 
for each pixel it is possible to calculate the mass of the material in the pixel, and if mass is 
known it is possible to apply the same rationale as in the gravimetric method. 

As previously explained, two images are needed for a MC measurement with CT: one at 
the MC to be determined and another at a reference MC, which in the experiments 
presented here was always 0%. Since the voxels at a given pixel location in the two 
images do not correspond to the same region in the sample due to the anisotropy of the 
dimensional change associated with the drying process, the average MC is determined for 
the whole sample as an average. If the aim is to quantitatively measure the MC in local 
regions, image processing must be performed to match the images. This problem was 
considered in the first applications of CT to wood drying research carried out by 
Lindgren (1992). His work shows attempts to resemble the swelling and shrinkage of 
cross section images of timber by applying a linear transform combined with a 
bilinear and non-linear transform to CT images of wood samples at different MC levels. 
The final effect of the shrinkage of the wood cross section is that the local region in a 
given pixel in the image at a certain MC is deformed in the oven-dry image and it 
then is covered by more than one pixel because of the displacement that it suffers 
(Figure 4, p. 7).  

This issue has been in the focus of study for some time, but it has still not been 
completely solved. The methods that have been tested to try to measure MC in local 
regions are based on image registration, a process that reconstructs a deformed version of 
an image to match the un-deformed image as reference. Sorzano et al (2005) proposed 
an algorithm to be applied to the alignment of biological images, 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 facilitates 
selecting which of the two images is to be the reference. Such an algorithm was used in 
the experiments in Paper I, but a different approach was taken in Paper II. 

To estimate MC using CT, the CT images of a wood sample at a given MC and at 0% 
MC are considered as deformed versions of one another. Danvind and 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 movement of that pattern (the deformation 
of the wood) could be recorded by photographing it at periodic intervals. At the same 
time, the wood sample was scanned in a position close to the cross section surface that 
was being monitored so that the link between the behaviour of the two images (the CT 
image and the photograph) could be studied and, eventually, shrinkage could be 
estimated and implemented in the MC calculations. The drawback of this procedure is 
that the area studied with CT must be as close as possible to the end of the board where 
the speckle photography is performed, in order for the deformation parameters to be 
extrapolatable. Even if the end surface is well sealed, abnormalities close to the ends such 
as different stresses and end checks due to incorrect sealing may lead to poor conclusions. 
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Another problem is the complicated experimental setup, which involves a drying 
chamber that somehow allows the sample to be photographed while it is being dried 
under controlled conditions. 

Further research was carried out using only the CT images and avoiding digital speckle 
photography. Danvind and Morén (2004) developed a method for estimating the pixel 
displacement in radial and tangential directions in CT images taken during drying based 
on the observed pixel’s position in relation to the total number of pixels in the object 
prior to and after deformation. They estimated MC gradients within wood samples, but 
the process required many steps, which means that there are many sources of error and 
the results must be observed carefully. More recently Lazarescu et al (2010) estimated the 
shrinkage in CT images using an equation using the MC and the oven-dry density. 
Watanabe et al (2012) introduced a new method that, based on the algorithm by Sorzano 
et al (2005), measures shrinkage by applying DIC analysis to both CT images, from 
which strain information can be obtained and a shrinkage coefficient calculated. The 
shrinkage coefficient obtained is further implemented in the calculations to estimate MC. 
This method is valuable because the MC is calculated at the pixel level, as a shrinkage 
coefficient can be calculated for each pixel of the image. Watanabe et al (2012) verified 
their results by comparing the final MC estimations with those obtained using the exact 
same method using different techniques for calculating the shrinkage. Following a 
different approach, Hansson and Fjellner (2013) calculated the shrinkage by applying a 
polygon clipping algorithm that uses the corners of a closed polygonal chain as reference 
points and studied the displacement information of those points. This algorithm was 
further developed and the results of the shrinkage calculations are presented in Paper II. 

Although several methods have been developed, there has been little evaluation of the 
errors. One problem is the difficulty in verifying whether the estimated shrinkage is 
indeed correct, especially at the pixel level and because in most cases the shrinkage is not 
solely radial or tangential, but rather contains both components. The literature contains 
no example where those methods have been applied other than the experiments 
performed when the methods were first developed.  

Materials and methods 

The material for the experiments was Scots pine (Pinus sylvestris L.) and Norway spruce 
(Picea abies (L.) Karst.), the two most important commercial wood species in Sweden. 
They are very relevant as a subject of study and their availability is high. The samples 
were taken both from sawn timber and from green logs that were kept frozen to keep 
them from drying, so that the experiments could be performed on green wood. 

In this thesis, two different methods to estimate the shrinkage of wood using CT images 
are presented. The Watanabe method, presented in Paper I, estimates the shrinkage 
through DIC based on the calculation of the strain in two perpendicular directions. This 
method was developed and applied previously by Watanabe et al (2012) to estimate MC 
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in amabilis fir (Abies amabilis) in a MC range from approximately 20 to 50%. Paper I 
shows attempts to apply this method to Norway spruce to calculate the MC in local 
regions at low MC (approximately 7 to 20%), and develop a regression model against the 
gravimetric or oven-dry (OD) method. Esping (1988) describes the application of the 
OD method to measure moisture gradient in the cross section of a board, by dividing a 
>20 mm thick slice of the cross section of the board into 7 sections and measuring the 
MC of each of them (Figure 8).The formula of the regression model was further tested 
against the reference OD values. 

 

Figure 8: Sample preparation for the OD gradient measurement method 
described by Esping (1988). 

 

The second method involves the use of an algorithm developed by Hansson and Fjellner 
(2013). They applied their algorithm to calculate MC, comparing it with the OD 
method for the whole piece, without considering possible gradients, and they focused 
specifically on the shrinkage calculation, comparing it with tabulated values. Paper II 
shows the application of a modified version of this algorithm, focusing only on 
estimating the shrinkage in the tangential and radial directions in Scots pine and Norway 
spruce samples. The reference radial shrinkage was measured in the images with aid of 
CAD software, whereas the tangential shrinkage was calculated from similar 
measurements of the radius and angle. Some samples were cut from the material that was 
used with radial and tangential orientation in order to measure the shrinkage in those 
directions with a calliper and use the value as a confirmation of the values measured in 
the images. 

The experiments in the two papers included in this thesis have been performed with a 
medical CT scanner Siemens Somatom Emotion Duo adapted for use with wood 
elements.  

A climate chamber was also used for drying and conditioning the samples, it is a custom 
made piece of equipment analogous to an industrial batch-drying kiln. The chamber can 
reproduce any industrial drying schedule, as it is possible to set the air velocity and dry 
bulb and wet bulb temperatures, and also to program different phases. It can also be 
combined with the CT scanner so that the wood can be scanned during the drying 
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process. For the oven-dry processes, a Termaks TS 8024 drying oven and a Mettler 
Toledo ME 4002 precision balance were used. 

Image processing was performed using different pieces of software. ImageJ and Fiji (two 
versions of the same open source image processing software) were used for the image 
registration procedures (Schindelin et al. 2012, Schindelin et al. 2015). In Paper I, one of 
the steps in the processing involved the calculation of the shrinkage coefficient through 
DIC, which was performed in MOIRE (Opticist 2015). In Paper II, QCAD, an open 
source CAD software (Mustun 2016) was used for measurements made directly in the 
CT images to serve as reference for the shrinkage values calculated with the algorithm.  

The algorithm used in Paper II was written in MATLAB (The Mathworks Inc. 2015). 
All the data from the CT images and all the results from the calculations made using 
different software were compiled in MATLAB and Microsoft Excel, where the final 
calculations and comparisons were made. 

Results 

Figure 9 shows a plot of the MC calculated from the CT images using the Watanabe 
method versus the reference OD measurements. The MC estimation had an error 
compared with the reference OD method, but the data 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 9:MC values measured with the gravimetric method (OD) plotted against the computed 
tomography (CT) data obtained using the Watanabe method. 



26 

The shrinkage coefficient estimations where in the first case embedded in the MC 
calculations (Paper I), and in the second case they were the object of the investigation 
(Paper II). Figure 10 shows the plot of the shrinkage in the radial and tangential 
directions on pine and spruce calculated by the image processing algorithm and measured 
directly in the 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. 

Table 1:Root mean square error (RMSE) of the shrinkage calculated with the algorithm with 
respect to the 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 

Figure 10: The percentage shrinkage in the radial and tangential directions for pine and spruce at 
different initial MC calculated from the CT images and measured directly with CAD software. 
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Discussion 

This research started with local MC measurements in Paper I and was simplified in Paper 
II, where only the shrinkage calculation, which is the critical issue in Paper I, was 
studied. The novelty of the work relies largely in the application of CT to the study of 
MC levels below 20%. This is difficult because the density differences between samples at 
low MC and OD conditions are relatively small in relation to the experimental error. In 
addition, the measurement of MC at the pixel level in a CT image, even though it has 
been studied to some extent, is a problem that has not been solved. Different methods 
have been proposed, but there has been little evaluation of the error. 

Both MC in Paper I and shrinkage in Paper II were calculated for each pixel in the CT 
image, but the results in Paper I were studied in local regions, whereas in Paper II they 
were compared with average values. In Paper I, the MC was relatively easy to calculate 
by the OD method in local regions, while direct measurement of local shrinkage values 
was not possible. Watanabe et al (2012) calculate MC using two methods to compensate 
for the error induced by the shrinkage: the method shown in Paper I (based on DIC) 
and a method based on iterative approximation of the shrinkage by way of feedback 
from MC. This method was discarded in Paper I because it would mean using as a 
reference a technique that has not been sufficiently tested. 

The method studied in Paper I is time-consuming and complex to perform. The fact that 
the edges of the boards must be cropped to avoid the artifact caused by the Gibbs 
phenomenon means that the MC calculated using CT is expected to be higher than that 
calculated using the OD method. This is especially noticeable when the difference 
between the two methods is considered in the outermost slices, which is greater than 
that in the inner slices (Figure 11). The cropping was made to minimize the cropped 
area, as opposed to the sketch in Figure 11, but that did not improve the result to any 
great extent. The cropping was done manually for each image, introducing another 
possible source of inaccuracy. The shrinkage was calculated from strain data that is 
obtained using a formula based on DIC that was developed by Watanabe et al (2012) 
and used only in that publication. Nevertheless, the results did not indicate that this 
introduced important errors.  

 

Figure 11: Comparison of the difference in the MC calulated with the Watanabe 
method and measured as the OD MC. 
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In general it can be said that the reliability of the Watanabe method has been proved. 
The experimental errors that have been noticed can easily be corrected in future 
experiments.  

An important practical issue with the Watanabe method is that it requires a complex 
process and is time-consuming, which motivated the search in Paper II for alternative 
methods that implement all the steps of the process: image registration, shrinkage 
calculation, compensation of the images and MC calculation. This reduces the possible 
experimental errors. Furthermore, should experimental mistakes occur in method used in 
Paper I, they would be noticed only after the whole MC calculation had been made and 
compared with a reference OD measurement. Experimental errors in the method in 
Paper II have a high probability of showing up during the development of the algorithm, 
but even if errors occur in the application of the algorithm, it is much faster than the 
Watanabe method, and this would cause less inconvenience.  

Paper II shows a method that uses an algorithm that makes the process much simpler 
than in Paper I. A single piece of software (MATLAB) can provide shrinkage and MC 
for each pixel. MC was not the reference parameter in this case. The focus was instead 
on measuring the shrinkage itself. The shrinkage calculated from the CT images with the 
specific algorithm was compared against a reference by considering the average values of 
the radial and tangential shrinkage of the pieces. These values were calculated from 
manual measurements performed on the samples and on the images. To facilitate this, 
half-disc shaped samples were used, in which the difference in radius and circumference 
of a sample before and after drying are easily calculable. Taking the average value from 
all the individual pixel values means that possible self-compensating errors could be 
overlooked. Conclusions must be drawn carefully, and this will be explored in 
future research. 

An alternative approach would be to compare directly the two methods of estimating 
shrinkage used in Paper I and in Paper II. Nevertheless, neither of the methods was really 
tested against a reference shrinkage measurement, so that neither of them would be a 
reliable reference for the other and an alternative reference method must be established. 
The DIC method from Paper I was time-consuming and it was not possible to study 
shrinkage to the desired depth. The method applied in Paper II is relatively fast once the 
CT images are available.  

Conclusion 

This work has studied a recently developed method to estimate moisture content (MC) 
using computed tomography (CT) and a newly developed algorithm to estimate 
shrinkage in the cross sections of wood pieces also using CT. These techniques carry the 
novelty of being suitable for the calculation of parameters for each pixel of a CT image 
and they are interconnected by the fact that pixel-wise MC estimation through CT 
needs to implement for each pixel a shrinkage coefficient between sample dimensions at 



29 
 

the studied MC and under oven-dry (OD) conditions. The experiments were performed 
on a medical CT scanner with a minimum voxel size of 0.98 x 0.98 x 1 mm3, which can 
be smaller if reconstruction is applied. Both methods have proven to be useful tools to 
estimate shrinkage coefficients at the pixel level using CT images of cross sections of 
sawn timber. The application of the Watanabe method has predicted MC in an 
approximate MC range between 6 and 25% with a RMSE of 1.4 MC percentage points. 
The algorithm otherwise developed to calculate shrinkage can estimate it in radial and 
tangential directions with RMSE ranging from 0.0013 to 0.0091 with shrinkage 
expressed as a decimal. 

The Watanabe method has also shown that medical CT is a powerful tool for the study 
of MC in wood below FSP. The use of this technology in wood drying research will 
hopefully drive the development of better drying techniques and improve of the quality 
of timber products. 

Both methods provide a useful tool to study the internal behaviour of wood when 
subjected to MC changes, while creating opportunities for further applications in the 
study of stress-strain deformations due to internal stresses during drying or thermal 
treatment. Nevertheless, the difficulty in comparing shrinkage in local regions with a 
reference value suggests that more research must be performed in order to be able to 
draw more reliable conclusions.  

Future research 

There are two approaches for future research. On the one hand, continuing the same 
path started with this work, by comparing directly, for instance, both methods with each 
other, as the algorithm shown in Paper II can also be used to calculate MC and thus 
facilitate comparing the results with the method from Paper I. If this scenario is chosen, 
collaboration with the research team that developed the Watanabe method would be 
desired. The method is complicated and the DIC step is done in a very specific program 
whose use could be optimized, thus minimizing errors. Regarding the application of the 
method to real time studies of drying processes, both methods need to be tested with the 
setup for the CT scanner in combination with the specially design drying chamber 
within the CT scanner gantry. The use of this chamber, as X-rays have to go through 
metallic parts, means additional work in calibration as well as testing for accuracy. MC 
measurement is also a goal in the method presented in Paper II, but testing it at the same 
time as shrinkage required a more complicated experiment setup and the introduction of 
aditional sources of possible error. For that reason, that step was left out of the scope of 
Paper II. It will be explored in future work. 

On the other hand, an alternative approach would be to explore the use of dual X-ray 
absorptiometry (DXA) techniques for estimating MC in wood. Recent work has shown 
the potential of DXA, which poses a very interesting challenge for medical CT because 
it could lead to an important advance in wood drying research. The DXA technique for 
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MC estimation does not involve the use of the reference CT image at a known MC, and 
thus avoids the difficulty of calculating shrinkage of the wood piece between the 
unknown and reference MC levels. DXA must be tested further, and especially in 
combination with the drying chamber, where the interference caused by the metal tubes 
inside the scanner void is potentially critical. Nevertheless, should the DXA method be 
shown to work, the shrinkage estimation methods presented in this thesis could still be 
useful for other applications in areas such as stress and the development of cracks due to 
drying or thermal treatment. 

Beyond these possibilities, as a technical university we must always be open to new 
projects and collaboration opportunities with industry and other institutions that might 
divert us from our pre-defined path. Now, I shall just keep on walking. 
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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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Estimation of shrinkage coefficients in radial and tangential directions 
from CT-images 

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 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 test pieces 
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.  

Keywords: CT-scanning; image processing; registration; shrinkage coefficient  

Introduction  

Wood is a hygroscopic material; if it is dry it will absorb water from the surrounding air 
and if it is wet it will release it. 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 evaporate, 
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 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 called 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 (Dinwoodie 
2000, Siau 1995). These dimensional changes are anisotropic in the three directions: 
tangential to the growth rings, radially from the pith outwards, and longitudinally. The 
greatest dimensional change is in the tangential direction, and is 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 MC of wood with computed 
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 piece 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 moisture content (Lindgren 1992). Since wood changes its 
dimension during drying, the two images need to be aligned in the same coordinate 



system, an operation that is complicated by the anisotropic shrinkage of wood (Hansson 
2007, 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 and with a calliper on some of the specimens.  

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 opposite side. In the case of a medical CT-scanner 
(like the one used in the experiments reported in this article), the X-ray source and the 
detector are interconnected and rotate around the wood specimen during the scanning 
period. The main reason why X-rays are used for the diagnosis is because substances 
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 positions. 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: 

                                                                                      (1) 

where  is the arbitrary linear attenuation coefficient for the material, and water and air
are the linear attenuation coefficients for water and air respectively. A convenient 
approximation 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 coefficient by 
dividing it by the density of the element or compound 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 moisture content (MC) ranging from 60% to 100%.  

The images used in these experiments 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 x 0.78 mm2) and 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 comparing 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 
Cherepanova 2012, Watanabe et al. 2012, Couceiro and Elustondo 2015), but little 
evaluation of the errors has been performed regarding MC measurements 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 provides 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 ring orientation estimations 
The annual 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 normalised 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 
acquisition and are irrelevant to the identity of the object. The normalization 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 rings, the direction everywhere and the magnitude 
of the anisotropy (flow field) must be estimated. The next step in the local annual 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 ring terrain, the direction of 
the gradient would be the direction 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 summarizes the predominant direction of the 
gradient in a specified 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 convolution is associative. Therefore it 
is better to take the derivative of the Gaussian filter;

                                                                                                   (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 image. In this estimation of the local annual ring orientations the image was 
resized five times. The structure tensor is based, as mentioned, on the gradient of the 
wood tomographic image I(x,y), calculated by means of Gaussian derivative filters, 
defined as:

                                              (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 Gaussian filter has a size of  pixels with a 
standard deviation of . 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  with a standard deviation of  and leads to the finally structure 
sensor:

                                              (4) 

The eigenvalues of the matrix  are given by: 

                                                                (5) 

and the corresponding eigenvectors are: 

=                                                                                                              (6) 

with

                                                                                                     (7) 

and

 ,                                                                                                                   (8) 

where  is the local annual ring normal orientation, since it corresponds to the 
direction of maximum variation, and this means that  is the direction of the tangential 
orientation of the local annual ring.

Local estimation of shrinkage in the radial and tangential direction 
The shrinkage was estimated using the radial (or normal) and tangential direction to the 
annual ring directions. Two points along the radial and tangential directions of the 
annual 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 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 shrinkage 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 pieces from adjacent regions of the 
same wood piece were cut to be purely tangential and radial in the green condition, 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 (seven test samples) and Scots pine (ten 
test samples).  
The pieces 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 moisture content in the samples. Both spruce and pine 
samples were subjected to the same procedure. They were dried aiming for a moisture 
content of 15% (setting the drying and conditioning parameters following tabulated 
values of EMC), scanned and weighed at that moisture content. 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 understanding, the notation 
used here is EMC15 and EMC8 for the samples at the moisture content acquired under 
the tabulated EMC conditions for 15% and 8% MC.

Data analysis 
Root mean square error (RMSE) was used to measure differences between the two 
methods.    



Results and discussion 

Image registration  
The upper left image in figure 1 shows the CT-image of test sample 2 of Norway spruce 
in the green condition (table III). 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 comparison 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.

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.  

Local annual 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 rings pattern.   

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



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 acceptable differences between 
the two measuring methods.    

Table I.  Shrinkage coefficients for Scots Pine under EMC 15% conditions. M = measured with 
the CAD software; C = calculated with the algorithm. r and t are the shrinkage in the radial 
and tangential directions respectively.  

r t

Sample M C  M C 

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 

Table II. Shrinkage coefficients for Scots Pine under EMC 8% conditions. M = measured with 
the CAD software; C = calculated with the algorithm. r and t are the shrinkage in the radial 
and tangential directions respectively. 

r t

Sample M C  M C 

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 

Tables III, IV and 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 samples 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.  

Table III. Shrinkage coefficients for Norway spruce under green conditions. M = measured with 
the CAD software; C = calculated with the algorithm. r and t are the shrinkage in the radial 
and tangential directions respectively.  

r t

Sample M C  M C 

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 

Table IV. Shrinkage coefficients for Norway spruce at EMC 15% conditions. M = measured 
with the CAD software; C = calculated with the algorithm. r and t are the shrinkage in the 
radial and tangential directions respectively.  

r t

Sample M C  M C 

1 0.0444 0.0490 -0.0046 0.0232 0.0248 -0.0016 

2 0.0496 0.0470 0.0026 0.0266 0.0256 0.0010 

3 0.0433 0.0468 -0.0035 0.0290 0.0250 0.004 

4 0.0490 0.0464 0.0026 0.0310 0.0292 0.0018 

5 0.0476 0.0469 0.0007 0.0285 0.0252 0.0033 

6 0.0466 0.0487 -0.0021 0.0330 0.0282 0.0048 

7 0.0565 0.0473 0.0092 0.0302 0.0295 0.0007 

Table V. Shrinkage coefficients values for Norway spruce at EMC 8% condition. M = measured 
with the CAD software; C = calculated with the algorithm. 

r t

Sample M C  M C 

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 



The scatter plot in figure 3 shows the residuals for each measurement, i.e., for the both 
directions, the different moisture contents and for the two different kinds of wood. Also,  
the scatter plot shows the RMSE, calculated to 0.0046, which indicates on an  
acceptable difference between the two measuring methods.      

Figure 3. The residual versus each measurement and RMSE.

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. 

In specimens with a high MC, the difference between the two methods might be higher 
than in those specimens with a low MC. In order to normalize the values, the difference 
between the methods can be expressed as a percentage of the value obtained by one of 
them. Figure 4 shows the difference between the two methods, expressed as a 
percentage of the CAD-measured value, . Even though the histogram in Figure 4 can be 
seen as a nearly normal distribution, a Shapiro-Wilk normality test shows, with 99% 
confidence, that the magnitude of the error does not follow a normal distribution. Figure 
5 shows that the algorithm underestimates the shrinkage, but with a R2 0.93, it can be 
interpreted that this error is acceptable giving the early stage of development of the 
algorithm.  
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Figure 4: Distribution of the difference between the shrinkage measured with CAD and 
calculated with the algorithm as a percentage of the shrinkage measured with CAD. One 
sample at -57% was considered an outlier and not included.

Figure 5: Scatter plot of the MC estimated by the algorithm and calculated with CAD 
measurements.

Conclusions
The results obtained by the two methods are very consistent. Calculating the shrinkage 
with CAD software has shown results 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 has 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 provides an image processing tool to monitor the dimensional changes 
during the drying and heat treatment process.   
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