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Abstract 

 
Many biological and engineering materials present a cellular structure, 

which provides them low density, high strength and high toughness. An 

exhaustive experimental and analytical investigation is carried out in this 

work in order to understand the response of these materials to environmental 

stimuli. This step is important in the context of evaluating their durability in 

different loading conditions. The focus is on softwood but the approach can 

be applied to other cellular materials. Wood is hygromorphic, responding to 

changes in environmental humidity by changing its geometry. The complex 

hierarchical structure of wood tends to deform during moisture sorption. 

The origin of the moisture induced deformation lies at the cellular and sub-

cellular scales. High-resolution micro- and nano- X-ray tomography, 

combined with advanced tools for image analysis, are utilized to devise a 

solid non-destructive approach for the estimation of the swelling behaviour 

of softwood. Starting from the cellular scale, new findings in the anisotropic 

and reversible swelling behaviour of softwood and in the origin of swelling 

hysteresis in porous materials are explained from a mechanical perspective. 

Swelling due to moisture sorption displays also a non-affine component. A 

new sophisticated mathematical method for detecting locally the non-affine 

deformations in the cellular structure is presented in this work. The results 

highlight that the mechanical and moisture properties of wood highly 

depend on sub-cellular features of the wood cell wall. The experimental and 

analytical approach proposed in this thesis develops a line of research 

bridging the gap from sub-cellular to macroscale in cellular materials. 



 

 

 

 

Riassunto 

 
Molti materiali biologici e ingegneristici sono dotati di una struttura 

cellulare, che gli fornisce bassa densità, alta resistenza ed alta tenacità. In 

questo progetto, la risposta dei materiali a stimoli ambientali è indagata 

sperimentalmente e analiticamente. L’indagine rivela la sua importanza 

nella valutazione del tempo di vita utile (durata) dei sopra citati materiali, 

quando gli stessi sono soggetti a diverse condizioni di lavoro. Particolare 

attenzione è focalizzata sull’analisi del legno dolce (conifere); tuttavia, è 

possibile estendere l’approccio ad altri materiali cellulari. Il legno è un 

materiale igroscopico e reagisce, modificando la sua struttura geometrica, ai 

cambiamenti di umidità relativa. L’origine di queste deformazioni si estende 

su scale cellulari e sub-cellulari. Sistemi di micro- e nano-tomografia a 

raggi-X computerizzata ad alta risoluzione, in combinazione con metodi 

avanzati di analisi delle immagini, sono utilizzati per elaborare un approccio 

sperimentale non-invasivo sullo studio del rigonfiamento del legno. Su scala 

cellulare, nuove scoperte scientifiche sul comportamento anisotropo del 

legno, sulla sua reversibilità nel processo di rigonfiamento e sull’origine 

dell’isteresi in materiali porosi sono spiegate da un punto di vista 

meccanico. 

Un nuovo e raffinato metodo matematico di registratura d’immagini non-

affine è stato introdotto in questa tesi, per indentificare le deformazioni non-

affini che occorrono localmente nella struttura cellulare del legno. I risultati 

mettono luce sull’intrinseca dipendenza del comportamento meccanico e 

igroscopico del legno da caratteristiche sub-cellulari della parete cellulare. 

L’approccio sperimentale e analitico proposto in questa tesi sviluppa una 

linea di ricerca in grado di superare il confine tra lo studio su scala sub-

cellulare e quello su scala macroscopica in materiali cellulari. 
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Nomenclature 

 
This list of symbols is not exhaustive. Symbols that only appear locally in 

the text, or are self-explanatory, are not included. Scalar values are denoted 

with italic roman or Greek characters. In the text, vectors are indicated by 

bold characters.  

 

 

Roman symbols 

 

 �̿�    Affine matrix     - 

 𝐵𝑙,𝑚,𝑛    B-spline functions     - 

 𝒞    Cost function     - 

 ds    Sample diameter or thickness   m 

 dx, dy    Artificial grid spacing    pixels 

 E    X-ray energy     keV 

 g(x
’
)    Object function     - 

 Gx, Gy   Artificial grid size     pixels 

 H    Entropy of the images    - 

 I    Intensity      number of photons 

 ∇𝐼    Gradient magnitude of the image   - 

 IF    Fixed image      pixel×pixel 

 IM    Moving image     pixel×pixel 

 �̿�    Scaling matrix     - 

 ma    Atomic molar mass     g/mol 

 NA    Avogadro number     mol
-1

 

 Np    Number of pixels detector    pixels 

 𝑛𝑥,𝑦,𝑧    Number of elements in the B-spline grid  - 
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 p    Points in the artificial grid    - 

 𝒫    Penalty term      - 

 q    Filter function     - 

 �̿�    Rotation matrix     - 

 𝑠𝑥,𝑦,𝑧    Image size      pixel×pixel 

 𝑆̿    Shear matrix      - 

 T    Transformation function    - 

 �̿�    Translation matrix     - 

 Tglobal    Affine transformation function   - 

 Tlocal    Non-affine transformation function  - 

 𝑈(𝑥)    Displacement field     pixels 

 V    Volume      pixels
3
 or m

3
 

 vr    Reconstructed voxels size    m
3 

 Z    Atomic number     - 

 

Greek symbols 

 

     Swelling coefficient     - 

 βα    Absorption term     - 

  Penalty coefficient              - 

 I    Intensity change in the image   - 

 𝛿𝑝    Phase shift term     radians  

 𝛿𝑥,𝑦,𝑧    Spacing between control points   pixels 

 휀𝑎𝑓𝑓𝑖𝑛𝑒  Affine strains     - 

 휀𝑛.𝑎.,𝑖      Non-affine strain components   - 

 η    Complex index of refraction   - 

 𝜃    Projection angle     ° 

 𝜃𝑏𝑒𝑎𝑚  Cone angle of X-ray beam    radians 

 𝜃∇𝐼     Angle of gradient magnitude   °  

     Wavelength      Å 

 𝜉𝑥,𝑦,𝑧    Maximum number of iteration   - 

 Π𝑖,𝑗,𝑘    Control points of B-spline functions  - 

 Π𝑖,𝑘    Feature points on the images   pixels 

 Π𝑗,𝑙    Control points on the artificial grid   number of pixels     
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 ρ    Density      g/m
3 

 𝜌𝐴    Atomic number density    (m
3
)
-1 

 σa    Absorption cross-section    m
2 

 σp    Phase shift cross-section    m
2 

 Φ    phase function     - 

 χ    Local minimum      - 

 

Abbrevations 

 

 CT    Computed tomography     

 ELW    Combined early- and latewood      

 EW    Earlywood       

 L    Longitudinal direction     

 LW    Latewood       

 M    Magnification      

 MC    Moisture Content      

 MI    Mutual information      

 R    Radial direction      

 RH    Relative humidity      

 SSD    Squared pixel distance    pixel
2
 

 T    Tangential direction      

 TIE    Transport of intensity equation 
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Chapter 1 

 

Introduction  
 
 

1.1 Background  

 

Cellular structures, made of different materials and in different geometries, 

are found widely in nature and inspire the development of many artificial 

man-made materials. Examples of cellular structures in nature are wood, 

coral, plant steams, glass sponges, cork and cancellous bone. Wood and 

cork are honeycomb-like cellular materials with prismatic cells, somewhat 

like the hexagonal cells in bee honeycombs. Trabecular bones and plant 

parenchyma are foam-like cellular materials, with polyhedral cells. Man has 

made many artificial cellular structures, such as honeycomb-like materials 

used for lightweight aerospace, automotive and building components.  

Cellular materials are made of an interconnected network of beams and/or 

plates resulting in a much lower density than the bulk material. The 

physical, mechanical and thermal properties such as density, conductivity, 

stiffness and strength of the bulk material can be dramatically changed by 

several orders of magnitude when organized into a cellular structure (Gibson 

and Ashby, 1999). Cellular solids can deform by the stretching or bending 

of the cell walls (Modén and Berglund, 2008). Most cellular materials are 

bending-dominated structures which are soft and absorb a lot of elastic 

energy during compression, while those that are stretching-dominated are 

much more weight efficient for structural applications (Ashby, 2013). The 
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mechanical properties of cellular structures have been largely documented 

in literature (Gibson and Ashby, 1997).  

Understanding the mechanical response of cellular materials subjected to 

environmental stimuli is crucial for optimum material design. The complex 

swelling behaviour of natural cellular materials with different architecture 

(e.g. geometrical heterogeneity, multi-layered cell wall, etc.) needs further 

investigations and the role of the geometry of cellular materials and cell wall 

composition on their hygro-mechanical properties should be assessed. Such 

study must be performed at cellular and subcellular levels to capture the 

exact mechanism at play. We focus here on the moisture induced swelling, 

with respect to their dimensional stability. In particular, moisture activated 

shape memory may be of interest in biomedical applications. Additionally, 

moisture variations such as buckling may cause undesired internal effects 

such as local deformations and even cracking due to an internal restraint of 

deformations. For these reasons, wood is an interesting material for setting 

up a sound experimental approach for studying the deformations at cellular 

and subcellular scales, such an approach can be also used for the study of 

other biological, cellular materials. 

More specifically, this thesis aims at explaining experimentally the hygro-

mechanical behaviour of wood, within a multi-scale approach. We adopted a 

non-invasive three-dimensional imaging technique to carry out our 

investigation, combined with sophisticated mathematical tools for in depth 

image analysis.  

 

 

1.2 Sinergia Project: structure and objective of the research 

 

This PhD project is part of SNF Sinergia project “Coupled mechanical and 

moisture behaviour of wood” which is introduced briefly in this section. 

The knowledge of mechanical and moisture properties of wood is crucial, 

since these properties determine to a great extent the durability and failure 

of wood elements exposed to varying mechanical and environmental 

conditions. For predictive purposes, computational models are used to 

forecast the relation between the applied loads (mechanical and/or moisture) 

and the respective hygrothermal and mechanical response. These 

computational models are mostly based on continuum mechanics, where 
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wood is assumed to behave as a linear (visco) elastic (plastic) orthotropic 

continuum. However, when we realize that the particular behaviour of wood 

is driven by phenomena occurring at the cellular and sub-cellular levels, it is 

obvious that a continuum approach is a simplification of the real behaviour. 

Macroscopic mechanical and moisture properties of wood highly depend on 

lower level features such as cell geometry and orientation, or angle of the 

cellulose fibrils in the cell wall, which vary between growth rings. These 

features span the whole range of spatial scales, from nanoscopic (cell wall 

fibril aggregates), over microscopic (cell wall layers, cell geometry), and 

mesoscopic (growth ring of early- and latewood) to the macroscopic scale 

(wood). Therefore, macroscopic material properties, such as stiffness and 

moisture sorption isotherms (or moisture capacity), should be considered as 

apparent material parameters, which incorporate the physical behaviour of 

the different chemical constituents of wood, and their spatial arrangement in 

nano- and microscale geometry of cells and in growth rings composed of 

late- and earlywood. The relationship between the macroscopic apparent 

properties and the microscopic features is not fully understood to date. 

Furthermore, mechanical properties and moisture capacity are interrelated 

and such interaction is often in consistently taken into account in continuum 

models. As a consequence, the available continuum models may have a 

limited range of physical validity. In cases where microscopic details play 

an important role, a multiscale modeling approach is more appropriate, in 

order to understand the relative importance of microscopic features on the 

overall mechanical performance of wood. Multiscale models are basically a 

hierarchy of submodels, which describe the coupled mechanical and 

moisture behaviour at different spatial scales in such a way that the 

submodels are interconnected. The development of such models is a 

challenging task because of the following reasons: 

 High resolution characterization of the geometry of wood at the nano- 

and microscale, which is a basis for multiscale modeling, depends on the 

resolution and the availability of advanced visualization techniques. 

 

 Measurement of mechanical and moisture properties at lower scales is 

difficult to carry out and, although important technical improvements 

were recently made, few experimental techniques at sufficient low scales 

are yet available. 
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 Modeling of a natural material in 3D with realistic geometry at the 

micro- and nanoscale is not trivial. 

 

The objective of this Sinergia research program was to investigate the 

relation between macroscopic mechanical and moisture properties of wood 

and its microscopic structure using a multiscale approach. Coniferous 

(softwood) species is the main type of wood used in building and civil 

engineering applications and presents a simpler structure than deciduous 

(hardwood) species. Thus, a softwood species, namely spruce (Picea abies), 

is considered as each species has a unique geometry, and cell dimensions, 

and different density. In terms of scope, the range of moisture loading is 

limited to the hygroscopic range (only adsorbed liquid, no bulk liquid) and 

mechanical loading is studied to the limit of failure (e.g. to the appearance 

of micro-damage). We will address wood from the macroscale of a few 

centimeters (10
−2

 m) to the nanoscale (10
−8

 - 10
−6 

m) which still includes 

subcellular features such as bordered pits and the different cell wall layers, 

is investigated. Contributions of the Sinergia project are improvements in 

the micro-meso-macro modelling and upscaling of a complex porous 

material, validation of the models at different scales by advanced 

experimental techniques, development of advanced experimental 

approaches for the combined study of moisture and mechanical loading and 

improvement of a macromodel to include nonlinear, hysteretic, and damage 

phenomena. The combination of such advancements allows to clarify the 

role of the nano- and micro-features of wood on its macroscale moisture and 

mechanical behaviour, which is crucial to ensure the durability of wood 

components exposed to varying environmental and mechanical loads. 

 

 

1.3 Scope of the thesis 

 

The main objective of the research presented in this dissertation is to 

develop a solid experimental and numerical method to investigate the 

physical behaviour of biological, natural and cellular materials at cellular 

and subcellular levels, such as wood. This PhD aims: 
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 (1) To acquire high resolution 3D tomographic microscopy images of the 

cellular structure of Norway spruce (Picea abies) wood. High resolution X-

ray tomographic images are acquired at TOMCAT beamline SLS, PSI 

Villigen and at the Centre of X-ray Tomography in Ghent University 

(UGCT). 

(2) To investigate hysteretic swelling/shrinkage of wood under cyclic 

hygroscopic loading using an accurate image analysis techniques. We use 

3D image registration algorithms for determining swelling/shrinkage strains 

from the tomographic datasets. In particular, we determine affine and non-

affine strains, the former describing global deformations, while the latter 

local deformations occurring at cellular scale. 

(3) In particular, to develop appropriate 3D image analysis techniques 

required for the study and the quantification of the non-affine deformations 

of wood at cellular and subcellular levels. The lumens surface during free 

swelling shows a form, which can be represented by a freeform surface. 

This freeform surface can be determined using control points connected 

together by a mesh. The surface is approximated using a control mesh 

guaranteeing a certain level of smoothness. Many representations of 

freeform surface exist in literature, but we use an approach of representing 

the free form deformation based on B-splines. 

(4) To investigate the behaviour of some important sub-cellular features, 

such as bordered pits and middle lamella, by using nanotomography and to 

identify the influence of this behaviour on the swelling behaviour at cellular 

scale. 

 

 

1.4 Outline of the dissertation 

 

This dissertation consists of 9 parts and starts with a literature review in 

Chapter 2. Here, a general overview of wood as orthotropic material with its 

hierarchical structure is presented and the state of the art in experimental 

investigation of the physical behaviour of softwood is reviewed. An 

introduction to X-ray imaging of soft materials is given, together with a 

summary of currently available algorithms for imaging analysis.  
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The experimental procedures used in this thesis are described in Chapter 3. 

A main research gap is tackled with in Chapter 4, where an existing code for 

non-affine registration developed for medical applications is adopted in 

order to determine the non-affine deformations in the wood material.  

In Chapters 5 to 8, the experimental results are presented and discussed. 

Chapter 5 presents the results related to homogeneous wood tissue, 

earlywood and latewood, during free swelling and an explanation for the 

origin of swelling hysteresis in wood is given. In Chapter 6, the swelling 

behaviour of combined wood tissues, composed of both earlywood and 

latewood of different density, is analysed. Chapter 7 describes the restrained 

swelling behaviour of wood and the impact of the restraint on the behaviour 

of wood at cellular scale, showing examples of cell wall buckling and 

moisture induced shape-memory. In Chapter 8, the investigation is 

downscales to subcellular level in order to investigate the role of 

singularities in the cell wall on the swelling behaviour of wood.  

Chapter 9 summarizes the main conclusions of this thesis and presents 

recommendations for future research. 



 

 

 

 

Chapter 2 

 

State of the art 
 

 

Wood in use, e.g. in material production, civil engineering and building 

applications, etc., is often subjected to mechanical and moisture loads which 

may lead to degradation and damage. Thus, a better knowledge of the 

hygro-mechanical behaviour of wood is important for improving the design 

of new and durable wooden components and structures. In addition, 

understanding the behaviour of cellular materials, such as wood, opens the 

doors for the development of new man-made materials.  

This chapter describes first the hierarchical structure of softwood, a natural 

material. The interaction of wood with water and its anisotropic swelling 

behaviour are described. Then we introduce three-dimensional (3D) 

tomography as a tool of investigation of the swelling behaviour of wood. 

Finally, based on this overview, the needs for further research are pointed 

out. 

 

 

2.1  Softwood, a natural cellular material  

 

2.1.1  The structure of wood: from macro- to nano-scales 

 

Wood is a natural cellular material with a complex micro-structural 

hierarchy. Wood is grouped into hardwood and softwood. Hardwood comes 



CHAPTER 2. STATE OF THE ART 

 

   8  
  

from angiosperm trees, like maple, birch, hickory, ash, oak, while softwood 

is wood from gymnosperm trees, i.e. conifers. Hardwoods and softwoods 

differ in their microscopic structure as the softwoods contain only two types 

of cells, tracheids and transverse ray cells. Hardwoods, however, have 

vessel elements that aid in water transport. In this work, the description 

covers the structure and properties of softwood, more particularly spruce 

(Picea abies).  

Wood features and thus its material properties are orthotropic and we refer 

to the three orthogonal directions as: radial (R), tangential (T) and 

longitudinal (L), as shown in the wood structure (1) of Figure 2.1. The 

longitudinal direction is parallel to the long axis of the stem. The radial 

direction is perpendicular to both the growth rings and the long axis of the 

stem. The tangential direction is tangent to the growth rings. The softwood 

is composed by two types of cells, named tracheids (85-95%) and ray cells 

(5-12%). A typical softwood tracheid consists in 2-4 mm long and 0.01-0.10 

mm wide hollow polyhedral tubes. The inner void volume of the cell is 

called the cell lumen and the material surrounding the lumen is named the 

cell wall. In temperate regions with seasonal climatic cycles, softwood 

tissues vary over the growing season, see growth ring (2) in Figure 2.1. 

During spring, the tissue, called earlywood, has thin cell walls and large 

lumens. Earlywood is usually light in colour and of low density. As the 

growth season progresses, the cells become smaller and the cell walls 

thicker. This part is named latewood and it is denser than earlywood. The 

region between earlywood and latewood may lead to transition wood.  

Examining the earlywood structure, one can observe that the cell 

arrangement in the radial and tangential directions differs. The cells are 

assembled in straight rows in the radial direction and in a much more 

disordered way in the tangential one. This difference in cell arrangement 

leads to a lower stiffness in tangential direction compared to the one in 

radial direction. However, in latewood, the alignment of the cells and the 

higher density contribute to a more isotropic behaviour of this tissue. In 

other words, in latewood, the tangential and radial stiffness is similar.  

In the living tree, the cells of the most recent growth rings, named sapwood, 

are active in transport of water from the root to the leaves and are usually 

water saturated. A valve-like feature, known as pit, see cell (3) in Figure 2.1, 

allows the passage of water in the tree by connecting cells. Aligned radially, 



CHAPTER 2. STATE OF THE ART 

 

   9  
  

ray cells are often organized in stacks of about ten cells, i.e. on top of each 

other in the longitudinal direction, and are only a single cell thick in the 

tangential direction. Inwards of this sapwood region, i.e. in the heartwood, 

there is no active water transport and the amount of water decreases, making 

lumens empty. In wood, as a building material, lumens are always empty. 

 

 
 

Figure 2.1: Schematic representation of the hierarchical structure of wood: from 

macro to micro scales, showing: 1. the growth ring, 2. the latewood and the 

earlywood tissues, 3. singularities in the cell wall, such as pits, 4. the cell wall 

layers and 5. the organization of the chemical components. 

     

The softwood cell wall has a layered structure shown in (4) of Figure 2.1 

which mainly consists of the primary wall (P) and the secondary wall (S), 
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the latter is further composed of three layers: S1, S2 and S3. Latewood has a 

thicker cell wall than earlywood due to the greater thickness of its S2 layer, 

which is 1 to 2 m in earlywood and 3 to 8 m in latewood. The S1 layer 

has a thickness of 0.2 to 0.5 m in earlywood and 1 m in latewood, while 

the S3 layer is 0.1 to 0.2 m thick in both tissues (Siau, 1995). As shown in 

Figure 2.1, the cell walls in wood are joined by an additional layer named 

middle lamella (ML) which holds the cells together. The P and ML layers of 

two adjacent cells are often considered as one, referred to as the compound 

middle lamella (CML).  

The cell wall material can be regarded as a fibre-reinforced composite 

polymeric material as shown in (5) of Figure 2.1. The material consists of 

cellulose microfibrils, embedded in a polymeric matrix, oriented along the 

longitudinal direction with a slight angle in S2 and with larger angles in S1 

and S3. Two main constituents of the cell wall are the microfibrils, 

composed mostly of cellulose, and the cellular matrix, consisting mainly of 

hemicellulose and lignin. The hemicelluloses are amorphous polymers. 

Lignin is also amorphous but strongly branched. Lignin is present in the 

middle lamella and in the primary cell wall, but the largest quantity is found 

in the secondary cell wall (Srndovic, 2008). The wood anatomy leads to a 

pore structure with a very fine nano-pore distribution within the cell walls 

and middle lamella, with a surface area estimated to 300 m
2
/g, and a second 

macro-pores system composed by the cell lumens linked via pits with 

surface area of about 0.2 m
2
/g (Stamm, 1952). Furthermore, the polymeric 

components of wood have a very organised structure. The softwood 

microfibril is composed of cellulose crystals (3×4×30 nm) attached in single 

or multiple strips deposited parallel to each other during cell formation (Li 

and Renneckar, 2011). The cellulose microfibrils themselves are aligned and 

bound together into fibril aggregates or macrofibrils, of roughly 10-25 nm 

diameter. The cellulose microfibrils are running helicoidally along the cells. 

In the S1 layer, the microfibrils are nearly perpendicular to the longitudinal 

axis of the cells. The orientation of the cellulose microfibrils varies in the 

different cell wall layers (MFA), typically from 10-30° to the vertical 

(longitudinal direction) in the S2 layer to 70° in the S3 layer (Dinwoodie, 

1981). The mechanical properties of wood are strongly dependent on the 

microfibril angle within the S2-layer. Large microfibril angles with the 

longitudinal direction result in low stiffness and high longitudinal shrinkage. 
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Further, the microfibril angle differs in both tangential and radial directions 

affecting the mechanical properties of the wood cell wall. The larger 

microfibril angles in the radial cell wall result in an increase in radial 

stiffness and a decrease in radial shrinkage (Holmberg et al., 1999).  

The different features of the microstructure of wood give rise to a complex 

hygro-mechanical behaviour on larger scale.  

 

2.1.2  Wood-water interaction: sorption and swelling 

 

The properties of wood are strongly dependent on moisture content
1
 (MC) 

in the hygroscopic regime. For Norway spruce, (Picea abies [L. Karst.]), 

which is the species under investigation in this thesis, the macroscopic 

swelling and shrinkage strains occur mainly between dry state and 28% 

moisture content and are known to be orthotropic. In this hygroscopic range, 

the moisture-induced deformation strains are typically in the order of 0.5% 

longitudinally, 4% radially and 6% along the tangential direction. Sorption 

in wood shows hysteresis between the adsorption and the desorption 

branches. The difference between the MC during adsorption and desorption 

for a given RH has been identified to be as high as 4% MC at mid-point of 

the hysteretic loop (Zillig, 2009). Water sorption is due to the presence of 

hydrophilic polymers making up the cell wall as they contain hydroxyl 

groups capable of attracting water molecules. The chemical groups which 

are highly attractive for the water molecules are called sorption sites and 

their affinity to water comes from their capacity to form hydrogen bonds 

with water molecules (Kollmann and Côté, 1968). The most sorption sites 

are found in hemicelluloses followed by cellulose and lignin (Christensen 

and Kelsey, 1959). It was found that the moisture content at RH=95% is 

around 50% for hemicellulose, 36% for cellulose (Beever and Valentine, 

1958) and 23% for lignin. 

The maximum amount of water, that can be accommodated within the cell 

wall is termed the fibre saturation point (FSP) is around 28% moisture 

content (MC) for softwoods, as measured intensively (Griffin, 1977; 

Hernandez and Bizon, 1994; Hill et al., 2005; Stone and Scallan, 1967). 

Higher moisture contents are due to the presence of liquid water in the 

                                                           
1
 Moisture content is the ratio of adsorbed water to the dry mass. 



CHAPTER 2. STATE OF THE ART 

 

   12  
  

lumens. The equilibrium moisture content of wood is controlled by 

temperature (T) and relative humidity (RH). This dependence can be 

described by sorption isotherms. The sorption isotherm has a sigmoid shape 

and represents the equilibrium moisture states of wood with its surrounding 

environment achieved at constant temperature and relative humidity, in the 

hygroscopic range. The equilibrium moisture content is attained after either 

adsorption or desorption of water molecules. Higher temperature lowers the 

equilibrium moisture content of wood for a given relative humidity. As one 

example, we discuss Figure 2.2 which shows the main adsorption/desorption 

curves and desorption scanning curves.  

Zillig (2009) measured the hygroscopic sorption and the water vapour 

permeability on spruce (Picea abies). All samples were cut from the same 

log. The hygroscopic sorption was determined by sorption tests at specified 

relative humidities, according to the standard EN ISO 12571 (2000). The 

samples were initially dried in an oven at 50°C and 10% RH. Afterwards, 

they were placed at constant conditions in desiccators over oversaturated 

salt solutions at 23°C. For each relative humidity, five samples were 

monitored until moisture content equilibrium. The main adsorption curve 

and several scanning desorption curves were determined. The measurement 

data are represented in Figure 2.2, a. As water adsorption and desorption 

occurs within the cell wall material, the cell wall and the overall cellular 

structure experience swelling and shrinkage, thus inducing 

swelling/shrinkage also at macroscale, as measured by Hernandez (1993). 

Figure 2.2, b shows that the swelling strains in the three orthotropic 

directions are almost linearly dependent on MC. Swelling strain hysteresis 

has been observed macroscopically, e.g. in the range of 1% for maple.  

The source of swelling/shrinkage strains is attributed to the process of 

displacement of the polymer chains by the water molecules as they 

enter/exit the matrix of amorphous cellulose, hemicellulose and lignin. The 

cellular and the growth ring structures both affect the resulting moisture-

induced deformations at the macroscale, as mentioned by Hernandez (1993).  

Wood moisture sorption/desorption and swelling/shrinkage display 

hysteresis. Hysteresis of water sorption, in the hygroscopic range of wood, 

is related to a smaller number of hydroxyl sites available at a given RH to 

adsorb water molecules in adsorption than in desorption (Urquhart and 

Williams, 1924; Stamm, 1964). In greenwood (or wood from a living tree), 
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water molecules are attached to the hydroxyl groups. When the wood dries, 

resulting in shrinkage of the wood, the hydroxyl groups are freed from water 

and start to bond to each other. During rewetting, most of the hydroxyl 

groups are not available anymore to the water molecules, resulting in less 

moisture adsorption compared to the amount of moisture present during the 

first desorption from greenwood state at the same relative humidity. With 

increasing moisture content, the swelling allows for the pairs of hydroxyl 

groups to break up again and eventually recover sorption sites. Thus, for the 

same relative humidity, there will be more water molecules remaining 

during desorption than during adsorption.  

 

 
Figure 2.2: (a) Main adsorption and desorption curves of spruce wood and 

scanning desorption curves. Figure taken from Zillig, (2009). (b) Percent swelling 

of sugar maple as a function of the equilibrium moisture content at 25°C. Open and 

filled points correspond to adsorption and desorption states, while the upper, 

intermediate and bottom curves correspond to volumetric, tangential and radial 

swelling respectively. Figure taken from Hernandez (1993). 

 

2.1.3  Anisotropic swelling behaviour of softwood 

 

Wood swelling is found to be orthotropic. In earlywood, the swelling 

coefficient (), defined as the slope of the linear relation of swelling strain 

(%) to moisture content (%), varies between 0.25 and 0.1, respectively in 

tangential and radial directions. In latewood, the values range between 0.2 

and 0.5 in both directions. The combination of earlywood and latewood 
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cellular tissues results in a layered material, with also orthotropic swelling 

properties. In Figure 2.3, swelling coefficients are plotted as a function of 

the relative density (density of wood normalized by that of the cell wall 

=1500 kg/m
3
) for softwood at different length scales. The data used in this 

figure, taken from Rafsanjani et al., 2013, are collected from different 

sources on softwood species (Vintila, 1939; Yao, 1969; Quirk, 1984; 

Watanabe et al., 1998; Pang and Herritsch, 2005; Derome et al., 2012). At 

cellular scale, anisotropy can be explained by the microfibril orientation and 

the particular cellular organization and structure. The microfibril angle can 

vary between radially and tangentially oriented cell walls, affecting the 

mechanical properties and swelling. The increase in the microfibril angle 

along the radially oriented cell wall results in an increase of the radial 

stiffness and a decrease of radial shrinkage. In earlywood, the cells are 

radially assembled in fairly straight rows, while tangentially they lie in a 

more disordered pattern. This cell arrangement in earlywood contributes to 

make the tangential stiffness lower than the radial one. Additionally, the ray 

cells act as reinforcement, resulting in an increase in the stiffness of the 

wood structure in radial direction (Holmberg et al., 1999). At macroscale, 

the anisotropic behaviour is explained as a result of the interaction between 

earlywood and latewood (Murata and Masuda, 2006). A computational 

upscaling approach of periodic honeycombs has been used to investigate the 

anisotropic swelling behaviour of two-dimensional cellular solids. 

Symmetric honeycombs show more swelling in tangential direction 

compared with irregular honeycombs. The alignment of cells in radial 

direction leads to a reduction of the swelling. As general conclusion, it has 

been observed that more geometrical disorder leads to less swelling 

anisotropy (Rafsanjani et al., 2012). It is known that the proportion of 

chemical components does not differ much between earlywood and 

latewood, (Bertaud et al. 2004, Johnson et al. 1961, Sundberg et al. 1996, 

Bertaud et al. 2002, Llyod 1978). The different hygro-mechanical behaviour 

of the earlywood and latewood cannot thus be explained based on chemical 

analysis.  

The large volume fraction of the S2 layer within the cell wall indicates that 

this layer may contribute significantly to the swelling behaviour. Swelling 

and shrinkage of the material composing the S2 layer has also been 

investigated. A recent experimental investigation carried out on a pillar 
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fabricated out of the S2 layer material with high-resolution X-ray nano-

tomography identified also an anisotropic behaviour of the S2 layer. The 

anisotropy is found to be higher in the transverse plane of the cell wall and 

the swelling/shrinkage strains are larger in the direction normal to the cell 

wall compared to the direction parallel to the cell wall (Rafsanjani et al., 

2014). 

The orientation of the fibrils in the S2 layer of the cell wall is a decisive 

factor for swelling and shrinkage (Požgaj et al. 1997; Perstorper et al. 2001). 

The longitudinal swelling/shrinkage is low due to the small deflection of the 

microfibril angle in the S2 layer. The dimensional changes take therefore 

mainly place in the transverse plane (Perstorper et al. 2001). As a 

consequence, the swelling strains are the smallest in the longitudinal 

direction, amounting to 0.1–0.4%, while in the transverse direction the 

wood swells and shrinks more significantly, in the radial direction by 3–6%, 

in the tangential direction by 6–12%. The swelling in the different directions 

can be expressed by the following ratio: T:R:L = 20:10:1 (Niemz 1993; 

Niemz et al. 1993; Požgaj et al. 1997).  

 

 
Figure 2.3: Swelling coefficients of latewood and earlywood for different 

softwood species and for different density.  Figure adapted from Rafsanjani et al., 

2013. 
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2.2 Characterization of swelling of wood 

 
2.2.1  Experimental approach at different scales 

 

Swelling and shrinkage of wood due to changes in MC have been measured 

at different scales. Traditionally, swelling is measured at the macroscale on 

samples (of a few cm size) exposed to change in RH. At growth ring level, 

local density and moisture-induced swelling behaviour of spruce wood 

samples have been investigated in 2D combining neutron imaging (NI) with 

digital imaging correlation (DIC) (Keunecke et al., 2012). It was found that 

the moisture induced strains largely depend on the wood density, the denser 

latewood part of the sample showing higher strains than earlywood.  

At cellular scale, there are several studies addressing the dimensional 

changes of the material microstructure using 2D observational techniques, 

such as the environmental scanning electron microscopy (ESEM). In ESEM, 

the sample can be subjected to hygroscopic and mechanical loadings. 

However, only 2D information of the wood deformation of the outside 

surface is available (Turkulin et al., 2005). 

The mechanical response of an orthotropic material such as wood to an 

applied load is inherently three-dimensional. Thus, two-dimensional 

visualization techniques for measurements of the deformation, such as 

(environmental) scanning electron microscopy and transmission electron 

microscopy, provide only partial information about the microstructure and 

the processes occurring in the material during loading, leading to limitations 

in the understanding of the complex behaviour of materials such as wood. 

Understanding the moisture distribution in wood is important for evaluating 

its physical and mechanical behaviour. Tanaka et al. (2009) investigated the 

change in moisture content distribution in Japanese cedar (sugi) during 

drying using soft X-ray digital microscope.  

However, wood exhibits a complex hierarchical structure at different length-

scales, which requires a three-dimensional analysis. Therefore, 3D imaging 

of the wood micro-structure and its deformation becomes essential in 

understanding the hygro-mechanical behaviour of wood. 
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2.3 X-ray tomography: synchrotron and lab-based 

 

X-ray computed tomography (CT), is a non-destructive technique to 

visualize objects three-dimensionally by combining the information of 

several projections acquired at different angles. The short wavelength of X-

rays (ranging between 10 to 10
-3

 nanometers) provides high spatial 

resolution. X-rays with a wavelength longer than 1 Å (energies smaller than 

12.4 keV) are called soft X-rays, while X-rays with a wavelength shorter 

than 1 Å are known as hard X-rays. Soft X-rays cannot penetrate as deeply 

into materials as hard X-rays, thus they are less suitable for investigating 

thick samples. X-ray tomography applications range from life sciences to 

materials science, including environmental and earth sciences.  

A tomographic setup consists mainly in an X-ray source, a rotational stage 

and an X-ray detector. The latter is usually a photon flux measurement 

device where a scintillator detector detects the incident X-ray photons and 

converts them into visible light photons. The light is then collected and 

converted into an electrical signal by photodiodes. As the X-rays pass 

through the object, the beam intensity along any ray path connecting the 

source to a point on the detection plane is decreased compared with the 

propagation in the absence of the object. The decrease is due to the photon-

matter interactions, mainly in the form of scattering and photoelectric 

absorption. Beer’s law describes the macroscopic attenuation of the X-ray 

beam though a homogeneous material (Cnudde et al., 2013; Ingle et al., 

1988; Beer, 1852). In the case of a monochromatic X-ray source, such laws 

states that 

 

I = I0 exp(−𝜇𝑥)               (2.1) 

 

with I0 the beam intensity measured in the absence of the object, 𝜇 the linear 

attenuation coefficient for the material being illuminated and x the thickness 

of sample along the X-ray path. Considering a heterogeneous material made 

of a finite, discrete number of phases, Beer’s law becomes 

 

I = I0exp[∑ (−𝜇𝑖𝑥𝑖)𝑖 ]                     (2.2) 

 

where the sum is executed over the total number of material phases. 
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However, the attenuation coefficient is a function of the X-ray energy (E). 

Thus, the equation can be rewritten as an integral over the range of the X-

ray spectrum:  

 

I= ∫ I0(E)exp[∑ (-μi(E)𝒙𝒊)i ]dE             (2.3) 

 

The main physical processes responsible for the macroscopic attenuation of 

an X-ray beam through a material within the typical hard X-ray energy 

range are the photoelectric absorption, Compton scattering and electron-

positron pair production. The photoelectric effect occurs when the incoming 

X-ray energy is transferred to an inner electron causing its ejection. At 

higher photon energies, Compton scattering takes place. In this process, the 

incident photon is deflected from its original path by an interaction with an 

electron. The photon loses partially its energy, thus its wavelength increases. 

If a photon enters matter with an energy in excess of 1.022 MeV, a process 

called pair production occurs: an electron and a positron are created with the 

annihilation of the X-ray photon. Pair production becomes important only at 

energies above 10 MeV. In X-ray tomographic imaging of soft tissues, such 

as wood, the energy levels used range between 10 and 21 keV. At these 

energies, photoelectric absorption and Compton scattering are the two 

dominating effects.  

A tomographic scan follows a two-step process: the acquisition of 

projections of the sample along the rays, at different angles while rotating 

the sample around an axis parallel to the vertical axis of the detection plane; 

the reconstruction, which calculates a 3D representation of the object, based 

on the projection images. A CT scan consists in the acquisition of three 

types of projection images (De Witte, 2010):  

 Dark fields: Images acquired when the X-ray source is turned off. Such 

images contain the contributions of dark current and possible pixel 

offsets.  

 Flat fields: the images I0 acquired when the X-ray source is turned on but 

the sample is outside the field of view. This acquisition allows for the 

correction for spatial-temporal inhomogeneity in the X-ray beam profile.  

 Projections: A set of projections is taken while rotating the sample at 

equiangular steps in a range of rotation of 180° for a short scan, used 

with parallel beam, or 360° for a full scan in the case of a conical beam. 
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These three types of projection images allow determining normalized 

projection images containing values between 0 and 1: 

 

𝐍(𝐢, 𝐣) =
𝐏(𝐢,𝐣)−𝐃(𝐢,𝐣)

𝐅(𝐢,𝐣)−𝐃(𝐢,𝐣)
,                (2.4) 

 

where N(i, j) is the normalized intensity value of pixel (i, j) and D, F and P 

are respectively the dark field, the flat field and the projections. 

Using an appropriate reconstruction algorithm, the projection images are 

used to determine a 3D representation of the sample, consisting of a certain 

number of volume elements (named voxels). Tomographic reconstruction 

can be performed with different methods. The linear attenuation coefficient 

 in each volume element of the object can be calculated by the filtered 

back projection (FBP) algorithms (Smith, 1985).  

Over the years, a new research field emerged in high-resolution X-ray 

tomography, called micro-CT. This method has been developed since the 

eighties using laboratory-scale X-ray source (Elliott and Dover, 1982; 

Elliott and Dover, 1985; Sato et al., 1981), gamma-ray sources (Gilboy, 

1984; Gilboy et al., 1982) and synchrotron radiation (Bonse et al., 1986; 

Flannery et al., 1987; Grodzins, 1983). Important developments of 

synchrotron-based and laboratory-scale X-ray micro-CT can be mentioned. 

The high brilliant flux of synchrotron radiation results in a clear superiority 

in terms of achievable spatial resolution and signal-to-noise ratio (Baruchel 

et al., 2006), but the number of synchrotron facilities is limited due to their 

high cost. On the other hand, lab-based micro-CT systems have a lower X-

ray flux but are more cost-efficient thus making desktop CT systems easier 

to access for a large number of researchers. More details on synchrotron and 

lab-based micro-CT follow. 

 

Typical micro-CT setup: advantages and limitations 

 

Synchrotron-based X-ray tomography provides 3D images with a spatial 

resolution 100–200 times larger than conventional medical CT systems. The 

main drawback of the technique, as well as in standard CT scans, lies in the 

sample size limitation, where the sample preferentially stands completely in 

the field of view (FOV) of the camera. In a synchrotron, electrons are 

accelerated to very high energies and injected in a quasi-circular storage 
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ring, consisting of straight sections and bending or super-bending magnets. 

Third generation synchrotrons consist of different devices installed in the 

straight sections to produce photon fluxes and a monochromatic beam. 

When a particle is deflected from its original path, it loses energies by 

emitting high energy photons. These devices have magnets periodically 

positioned which force the electrons to follow a sinusoidal trajectory. Two 

types of magnets are commonly used: undulators, which produce a 

monochromatic beam and wigglers, which produce a polychromatic beam 

of high intensity.  

Synchrotron radiation offers many advantages, making it a suitable tool for 

X-ray tomography. Firstly, it is highly brilliant. Brilliance is defined as the 

number of photons per second per unit source area, emitted per solid angle 

within a certain wavelength band. Normally, a wide energy spectrum of 

photons is obtained out of the electron acceleration. With appropriate 

methods and tools, it is possible to filter the spectrum within a very narrow 

bandwidth (ranging from eV to keV) such that the beam gets approximately 

monochromatic. The monochromaticity of the beam allows the 

quantification of the material properties and the identification of the 

different materials phases (Madonna et al., 2013) since beam hardening 

artefacts (Barrett and Keat, 2004) can be avoided. Further, its high 

collimation yields a more effective passage, through the sample towards the 

optical components with less radiation wasted. Also synchrotron radiation is 

spatially coherent. Spatial coherence allows measuring effects due to the 

wave nature of the photons, e.g., interference and diffraction effects, such as 

the diffraction produced by a circular slit. The monochromaticity and the 

high photon flux increase the image contrast and reduce the noise. All of 

these features result in high-resolution images, which allow the visualization 

and analysis of sub-micrometric details in m-size samples. 

The most common lab-based setup is the standard cone-beam micro-CT 

(Feldkamp et al., 1984; Turbell, 2001). In this configuration, the resolution 

is limited by the focal spot size of the X-ray source. A smaller focal spot 

size requires a reduced X-ray flux, making this system difficult and time-

consumed. The conical beam geometry makes magnification possible, thus 

allowing the use of a wide range of technologies.  

The non-destructive nature of the micro-CT method allows the investigation 

of the internal structure of an object without damaging it. In this way, it is 
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possible to use the same sample for further analysis. This property is very 

important as it permits inspecting living objects, tracking down structural 

changes in a sample exposed to environmental changes (Rozenbaum, 2011; 

Van den Bulcke et al., 2009) or mechanical stress (Saadatfar et al., 2012; 

Zabler et al., 2008), also called in-situ CT.  

However, several limitations in micro-CT systems have to be considered. In 

synchrotron systems, the voxel size is limited by the field of view, while at 

lab-based scanners it is dependent on sample size, X-ray source size, pixel 

size on the detector and magnification. A small sample size may lead to 

finite size effects or lack of representativeness in the response of the 

investigated system to the changes in the boundary conditions. Several 

imaging methods aim to overcome these difficulties, by enlarging the 

reconstructed area (Pfeiffer, 2004; Zamyatin et al., 2005), by reconstructing 

horizontally truncated data (Defrise et al., 2006; Vlassenbroeck, 2009) or by 

performing a mosaic scanning (Haberthür et al., 2010; Mokso et al., 2012), 

but the dependency of the voxel size on the sample size remains. Another 

effect that has to be considered in micro-CT is the sample positioning and 

the stability of the sample rotation. Optimal CT scanning requires a rigid 

and well-fixed sample which does not move during image acquisition. 

Additionally, due to the variety in sample size, shape and composition, no 

general protocols exist for micro-CT scanning. This implies that a wide 

range of parameters can be chosen, such as beam filtering, voltage, 

detector’s exposure time, etc., which have to be optimized.  

Although micro-CT is a powerful imaging tool, it presents also some 

limitations, such as noise, discretization effects and imaging artefacts. These 

effects are discussed next.  

Like all imaging techniques, X-ray imaging is subject to noise. Image noise 

depends on many parameters, especially when a scintillator is used. 

Different software filters can be used to reduce noise in the reconstructed 

images. Another effect, called discretization, determines the limits of high-

resolution X-ray CT, such as the lowest achievable voxel size as compared 

to the sample size. Due to the rotational movement, the sample can be 

approximated to a cylinder with a diameter 𝑑𝑠 given by: 

 

𝑑𝑠 =
𝑁𝑝𝜊𝑝

𝑀
𝑐𝑜𝑠 𝜃𝑏𝑒𝑎𝑚                (2.5) 
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where Np is the number of detector pixels, op the distance between the centre 

of two neighbouring pixels, M the geometrical magnification, defined as the 

ratio of the source-to-detector distance and the source-to-object distance and 

𝜃𝑏𝑒𝑎𝑚 the cone angle of the X-ray beam (Vlassenbroeck, 2009). In the case 

of a parallel beam, M=1 and 𝜃𝑏𝑒𝑎𝑚 = 0, the lowest achievable reconstructed 

voxel size vr, or distance between the centres of two neighbouring pixels, is: 

 

𝑣𝑟 =
𝑑𝑠

𝑁𝑝
=

𝑜𝑝

𝑀
cos 𝜃𝑏𝑒𝑎𝑚               (2.6) 

 

All features smaller than this theoretical voxel size cannot be distinguished 

on the reconstructed dataset. The voxel size has not to be confused with the 

spatial resolution which is defined by the Modulation Transfer Function 

(MTF) of the complete imaging system, expressed in line pairs per distance 

unit. MTF can be theoretically defined as the response of the imaging 

system to sinusoids of different spatial frequencies. However, due to the 

complexity in defining the MTF, the voxel or pixel size is mostly used. 

Therefore, resolution can also refer to the number of pixels or voxels in an 

image.  

Several types of artefacts can occur in tomography. Beam hardening is an 

artefact occurring with polychromatic sources, due to the energy 

dependence of the linear attenuation coefficient, which implies low-

energetic (soft) X-rays to have a higher probability of being absorbed than 

high-energetic (hard) X-rays. This results in a cupping effect, which refers 

to the shape of a cross-sectional line profile with beam hardening. This 

effect can be reduced by using a beam hardening filter. Another artefact 

typical of cone beam geometry in lab-based CT is known as the cone-beam 

effect, which can be corrected by using an iterative reconstruction algorithm. 

In parallel beam, these two artefacts are reduced. Additionally, since the 

absorption signal is very small for soft materials, the contribution of the 

phase contrast signal to the projection image is no longer negligible. This 

phase signal, which is due to small angle refraction of the X-rays in the 

material, results in severe artefacts in the reconstructed slices when using 

conventional reconstruction algorithms for transmission CT. More 

information on phase contrast is given in the next paragraph. Several 

imaging and processing methods are suitable to benefit from this effect or to 

correct from phase effects (Boone et al., 2012; Cloetens et al., 1999; David 
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et al., 2007; Weitkamp et al., 2011). Besides these major artefacts, other 

artefacts can occur: ring artefacts caused by failure of pixels in the detector 

(Sijbers and Postnov, 2004), streak artefacts due to highly attenuating 

inclusions (De Man et al., 1998), artefacts caused by sample instability or 

movements that cannot be completely removed, etc.  

 

 

2.4 Acquisition of data: phase contrast on softwood 
 

Despite the wide-spread use of absorption-based X-ray imaging, and its 

many applications, this technique is not ideal for all materials, especially 

light-element based materials, such as wood, as absorption is limited, 

providing poor contrast and spatial resolution. Furthermore, the absorption 

coefficients of soft tissue are very close to that of water, making it difficult 

to distinguish internal features and water in the light material (Paganin et al., 

2002; Momose et al., 1996; Groso et al., 2006). In order to improve the 

contrast in X-ray imaging, phase contrast techniques have been developed in 

the last few decades for light elements. The phase shift cross section is a 

thousand times larger than the absorption cross section for light elements, 

indicating that the phase contrast technique is more sensitive to density 

variations than absorption based X-ray imaging. The absorption cross 

section, 𝜎𝛼, of a target material is defined as: 

 

𝜎𝛼 = (𝜇 𝜌⁄ )𝑚𝑎/𝑁𝐴                (2.7) 

 

with 𝜇 𝜌⁄  the mass absorption coefficient, ma the atomic molar mass and NA 

the Avogadro number. When X-rays pass from one medium to another one, 

refraction is observed. Due to refraction, both the intensity and the phase of 

the X-ray beam are affected: the intensity is decreased along the incidence 

direction, because, by definition, some of the photons (the refracted ones) 

will travel along a different path than the incident one and the phase is 

shifted. One can calculate both absorption and phase shift from the complex 

index of refraction 𝜂, which is written for an homogenous material as: 

 

𝜂 = 1 − 𝛿𝑝 + 𝑖𝛽𝛼,                          (2.8) 
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where 𝛿𝑝 is the phase shift term and 𝛽𝛼 the absorption component. At 

wavelengths approaching a few angstroms, the real part can become larger 

than the imaginary part, meaning that phase contrast is more significant than 

absorption for hard X-rays. The two components can be written as 

following: 

 

𝛿𝑝 = (𝜆 2𝜋⁄ )𝜌𝐴(𝜆𝑟0𝑍) = (𝜆 2𝜋⁄ )𝜌𝐴𝜎𝑝            (2.9) 

 

𝛽𝛼 = (𝜆 4𝜋⁄ )𝜌𝐴𝜎𝛼                  (2.10) 

 

where  is the wavelength, r0=2.82×10
-15

m is the Thomson scattering length 

(classical electron radius), Z is the atomic number, and A is the atomic 

number density (i.e., concentration of atoms per unit volume). From the 

equations of 𝛿𝑝 and 𝛽𝛼, the ratio between the two cross sections is defined 

as: 

 

𝜎𝑝 𝜎𝛼⁄ = (2𝛿𝑝)/𝛽𝛼             (2.11) 

 

In Figure 2.4, an example illustrates how a wave changes as it interacts with 

the material and how the ratio between the two cross sections decreases with 

increasing the atomic number. Figure 2.4, a, shows a plane wave which 

traverses a material with refractive index, 𝜂. This material absorbs a part of 

the wave, resulting in a change in amplitude, namely Δ|E|. As the wave 

passes though the object the phase changes, Δ, resulting in a change in 

direction by the angle α. Figure 2.4, b, shows that phase contrast is 

beneficial for tissues which consist of materials of low atomic number (C, O 

and H), such as wood. 
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Figure 2.4: (a) Representation of the refractive index. (b) Ratio between the phase 

shift and the absorption cross sections plotted for various elements at various 

energies. Figure adapted from Jensen, 2010. 

 

 

2.4.1 Algorithm of reconstruction using phase contrast information 

 

Image reconstruction is a process that generates volumes from X-ray 

projection data acquired at different angles around the sample. Conventional 

CT reconstruction is based on the retrieval of the 3D distribution of the 

attenuation coefficient  from its linear projections. Mathematically, a linear 

projection 𝑃𝜃(𝑥′), also known as a Radon transform, of a function of two 

variables 𝑔(𝒙) =  𝑔(𝑥, 𝑦), is a projective transformation into the polar 

coordinate space (𝑥′, 𝜃): 

 

𝑃𝜃(𝑥′) = ∫ 𝑔(𝑥)𝛿𝐷𝑖𝑟𝑎𝑐(𝑥 ∙ 𝑛 − 𝑥′)𝑑2𝑥
∞

−∞
                     (2.12) 

 

where, 𝑑2𝒙 = 𝑑𝑥 𝑑𝑦, 𝒏 is a unit vector normal to the projection beam 

forming an angle  with one of the two axes of the reference frame of g(x) 

and x is a vector on the projection beam. 𝛿𝐷𝑖𝑟𝑎𝑐(𝒙) is the Dirac delta 

function. 

This equation becomes, for a parallel projection data: 

 

𝑃𝜃(𝑥′) = ∫ 𝑔(𝑥, 𝑦)𝑑𝑦
∞

−∞
            (2.13) 
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where 𝑔(𝑥, 𝑦) is the object function in the transformed coordinates. 

The 1D Fourier transform of the projection 𝑃𝜃(𝑥′) in respect to the 𝑥′ 

variable is found to be identical to the 2D Fourier transform of the object 

function 𝑔(𝒙) along a line passing through the origin of the 2D Fourier 

space and at angle . This is valid for a function of two scalar variables, 

which could be considered as an orthogonal slice of a function of three 

variables. This result is known as the Fourier slice theorem or the central 

projection theorem. Based on this theorem, the attenuation coefficient can 

be reconstructed and resolved in the form of a convolution (denoted by the 

asterisk) of the back-projection operator: 

 

𝜇(𝑥, 𝑦, 𝑧) = ∫ 𝑑𝜃
𝜋

0
𝑞 ∗ 𝑔𝜃                       (2.14) 

 

where 𝜇(𝑥, 𝑦, 𝑧) is the 3D distribution of the attenuation coefficient and q is 

the filter function. 

For low density materials, like wood, with low absorption contrast at all 

energies, conventional reconstruction methods have been improved by the 

introduction of phase-contrast imaging using the phase shifts in the X-ray 

beam rather than the differences in attenuation. Two methods based on 

phase contrast tomography are described below. 

 

2.4.1.1 Modified Bronnikov algorithm (MBA) 

 

When a monochromatic wave impinges upon a thin mixed phase-amplitude 

object with weak and almost homogeneous absorption, the intensity 

distribution at a small enough distance d is described by the Transport of 

Intensity Equation (TIE), (Teague, 1983; Peterzol et al., 2005; Langer et al., 

2008): 

 

𝐼𝜃
𝑑(𝑥, 𝑦) = 𝐼𝜃

𝑑=0(𝑥, 𝑦) (1 −
𝜆𝑑

2𝜋
𝛻2𝜙𝜃(𝑥, 𝑦))          (2.15) 

 

where (𝑥, 𝑦) are the coordinates on the detector plane, 𝐼𝜃
𝑑=0(𝑥, 𝑦) is the 

beam intensity (after the normalization by the incident beam intensity, the 

so-called flat field cited before) measured at d=0,  d being the distance from 

object to detector,  is the projection angle, ∇2 is the Laplacian with respect 
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to the (x,y) variables. 𝜙𝜃 is the phase function, which describes the 

cumulative phase shift induced by the object along a ray path from the 

source to the point of coordinates (x,y) on the detector plane. 𝜙𝜃(𝑥, 𝑦) is 

defined as:  

 

𝜙𝜃(𝑥, 𝑦) =
2𝜋

𝜆
∫ 𝛿𝑝(𝑥′, 𝑦′, 𝑧′)𝑑𝑥′𝑑𝑦′𝑑𝑧′

𝑟𝑎𝑦𝑝𝑎𝑡ℎ
         (2.16) 

 

When a plane wave impinges upon a sample, both the amplitude and the 

phase of the wave are perturbed. The TIE allows the retrieval of the phase 

information from intensity measurements only (Ishizuka et al., 2005). Eq. 

(2.15) can be written in the form: 

 

∇2𝜙𝜃(𝑥, 𝑦) = −
2𝜋

𝜆𝑑
[

𝐼𝜃
𝑑(𝑥,𝑦)

𝐼𝜃
𝑑=0(𝑥,𝑦)

− 1] = −
2𝜋

𝜆𝑑
𝑔𝜃(𝑥, 𝑦)         (2.17) 

 

with  

 

𝑔𝜃(𝑥, 𝑦) =
𝐼𝜃

𝑑(𝑥,𝑦)

𝐼𝜃
𝑑=0(𝑥,𝑦)

− 1               (2.18) 

 

Using the filtered back projection (FBP) and the Fourier slice theorem, an 

algorithm is derived by Bronnikov (Bronnikov, 1999; Bronnikov, 2006) and 

based upon the inverse Radon transform in higher dimension than what 

expressed in Eq. 2.13 allows for reconstructing 𝛿𝑝: 

 

𝛿𝑝(𝑥′, 𝑦′, 𝑧′) =
1

4𝜋2𝑑
∫ 𝑞

𝜋

0
∗ 𝑔𝜃𝑑𝜃           (2.19) 

 

with 𝑔𝜃 the data function and q the filter function convolved with the data 

function. The filter function is defined as: 

 

𝑞(𝑥, 𝑦) =
|𝑦|

𝑥2+𝑦2             (2.20) 

The convolution between these two functions can be implemented in the 

Fourier domain by taking the two-dimensional Fourier transform. In the 
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Fourier domain, the filter function has the low-pass filter form given by 

(Bronnikov, 2002): 

 

𝑞(𝜉, 𝜂) =
|𝜉|

𝜉2+𝜂2                   (2.21) 

 

In this filtered projection form, the reconstruction method suggested by 

Bronnikov is very interesting for a pure phase object (𝐼𝜃
𝑑=0(𝑥, 𝑦) = 1) since 

the 3D refractive index can easily be recovered from only one single 

tomographic dataset: 

 

𝑔𝜃(𝑥, 𝑦) = 𝐼𝜃
𝑑(𝑥, 𝑦) − 1, 𝜃 ∈ [0, 𝜋]           (2.22) 

 

The main assumption of this algorithm is that the object function 𝑔𝜃 is 

known. However, the ratio 𝐼𝜃
𝑑(𝑥, 𝑦) 𝐼𝜃

𝑑=0(𝑥, 𝑦)⁄  cannot be calculated in the 

case of a conical beam due to the change in magnification, except for a pure 

phase object (i.e. an object that only alters phase information). This problem 

has been solved by (Groso et al., 2006) by introducing a correction factor to 

the filter function:  

 

𝑞(𝜉, 𝜂) =
|𝜉|

𝜉2+𝜂2+𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟
                (2.23) 

 

This algorithm is called the Modified Bronnikov Algorithm (MBA). The 

correction factor can be calculated by using a semi empirical approach. A 

too small value leads to blurry results, while a too large leads to an 

elimination of the filter. Based on a single filtered projection, a good 

compromise can be obtained.  

 

2.4.2.2 Paganin algorithm 

 

The phase retrieval algorithm suggested by Paganin (Paganin et al., 2002) is 

based on the TIE as well and on the following assumptions: 

(1) the object is homogenous and of known composition and density; 

(2) the incident plane-wave radiation is monochromatic; 

(3) the distance 𝑑 between the object and the detector fulfills the near-

field conditions. 
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To simplify the derivation of the Paganin algorithm, the point-source of X-

rays is assumed to be at infinity (𝑑 → ∞), as shown in Figure 2.5. 

 

 
Figure 2.5: Scheme for phase contrast imaging using a point source. Paganin et al., 

2002. 

 

The Paganin algorithm is developed by taking the TIE as starting point, 

which describes the wave propagation (Teague, 1983): 

 

∇⊥ ⋅ (𝐼(𝐫⊥, 𝑑)∇⊥𝜙(𝐫⊥, 𝑑)) = −
2𝜋

𝜆

𝜕

𝜕𝑧
𝐼(𝐫⊥, 𝑑)         (2.24) 

 

where 𝐼(𝐫⊥, 𝑑) indicates the intensity at distance d past the object and 

𝜙(𝐫⊥, 𝑑) the cumulative phase shift phase, where 𝐫⊥ is the position vector in 

the x-y plane. Under the assumption of a homogeneous sample, the variation 

of phase and intensity can both be expressed in terms of variation of the 

thickness of the sample 𝑑𝑠(𝐫⊥) in the plane perpendicular to the propagation 

direction: 

 

𝐼(𝐫⊥, 0) = 𝐼0𝑒−𝜇 𝑑𝑠(𝐫⊥)             (2.25) 

 

 and 

 

 𝜙(𝐫⊥, 0) = −
2𝜋

𝜆
𝛿𝑝𝑑𝑠(𝐫⊥).             (2.26) 
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The coefficients 𝜇 (linear attenuation coefficient) and 𝛿𝑝 (decrement from 

unity of the X-ray refractive index of the object material) are related to the 

complex-valued X-ray refractive index by Eq. (2.9) for 𝛿𝑝 and 𝜇 = 4𝜋𝛽𝛼 𝜆⁄ , 

where 𝛽𝛼 is dimensionless. 𝐼0 is the uniform intensity of the incident  

radiation. 

By using the third assumption of near field conditions, 𝜕𝐼(𝐫⊥, 𝑑) 𝜕𝑧⁄  can be 

approximated in the TIE by a 1
st
 order finite difference equation. All these 

assumptions allow re-writing the TIE in terms of sample thickness: 

 

(−
𝑅2𝛿𝑝

𝜇
∇⊥

2 + 1) 𝑒−𝜇 𝑑𝑠(𝐫⊥) =
𝐼(𝐫⊥,𝑑=𝑅2)

𝐼0
.          (2.27) 

 

This equation can be implemented using a Fourier transform and can be 

solved for thickness. Once the thickness is determined, the phase and the 

absorption can be calculated.  

 

2.5 Image analysis  
 

Datasets reconstructed with phase retrieval-based algorithms have better 

contrast and resolution, thus allowing achieving higher performance in 

image processing. There are several image processing techniques used in 

analysing images. The main two techniques are image segmentation and 

image registration, which are largely used for investing the behaviour of the 

material. However, prior to this analysis, tomographic datasets require a 

filtering procedure to make easier the segmentation. Examples of filters that 

are applied for reducing the image noise without removing significant parts 

of the image content are: non-local means, anisotropic diffusion or total 

variation (Gupta et al., 2005). 

 

2.5.1 Segmentation of softwood cell-wall  

Segmentation involves the classification of a picture element/volume (called 

pixel or voxel, for the whole volume) in different categories. In what 

follows, we will mainly refer to voxels, implicitly assuming that the same 

methods apply for pixels. 
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For the type of material investigated in this work, the two main categories 

are the solid phase of wood and air. Segmentation is important, for example, 

with respect to the accuracy in measuring volumetric swelling/shrinkage. 

One approach to image segmentation consists in classifying voxels based 

upon their grey value statistical distribution (histogram of grey values of 

voxels). The classification usually consists in finding thresholds for 

separating the overall histogram in different segments. In the case of only 

two voxel populations, the threshold leads to distinguishing a foreground 

(the solid material phase) from the background (the air). In this case, the 

segmentation is also called binarization. In thresholding-based image 

segmentation, it is important to select an adequate threshold value for 

extracting the object from its background. We present two methods, the 

Otsu (Otsu, 1979) and Bersen algorithm (Bernsen, 1986), based on a global 

and a local thresholding approach, respectively. Finally, we present two 

types of segmentation approaches called respectively region growing and 

active contour based on Chan-Vese algorithm. 

 

2.5.1.1 Otsu algorithm: global thresholding 

 

When a single threshold T is used to classify voxels independently of their 

spatial location within the image, the thresholding technique is called global. 

One such example is the Otsu algorithm based on the voxel grey value 

variance. The search of the optimal threshold relies upon a statistical 

analysis of the voxel grey value histogram. The statistical analysis is used to 

evaluate the ‘goodness’ of the threshold. Two variances are calculated once 

a guess of the threshold is found: the within-class variance and the between-

class variance. A third variance, the intra-class variance, is defined as a 

weighted sum of the two classes’ variances: 

 

𝑣𝑎𝑟𝜛
2(𝑡) = 𝜛1(𝑡)𝑣𝑎𝑟1

2(𝑡) + 𝜛2(𝑡)𝑣𝑎𝑟2
2(𝑡)            (2.28) 

 

where i , i=1,2, are the probabilities of the two classes being separated by a 

threshold t, and vari the class variance. Otsu has shown that the problem of 

minimizing the intra-class variance in respect to the guess of the optimal 

threshold turns into a problem of maximization of the inter-class variance: 
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𝑣𝑎𝑟𝑏
2(𝑡) = 𝑣𝑎𝑟2 − 𝑣𝑎𝑟𝜛

2(𝑡) = 𝜛1(𝑡)𝜛2(𝑡)[𝜇1(𝑡) − 𝜇2(𝑡)]2        (2.29) 

 

with i the class average value. The class probabilities and the class 

averages are iteratively updated while new guesses of t are tried.  

 

2.5.1.2 Bernsen algorithm: local thresholding 

 

The main advantage of the Bernsen method, compared to the Otsu method, 

is that it is locally adaptive, i.e., it takes into consideration the grey voxel 

value distribution within the neighbourhood of a given target voxel, for each 

voxel in the image. In this method, local thresholds are calculated over 

neighbours and based on the voxel-wise average value, i.e., the average of 

the maximum, Ihigh(i,j), and the minimum, Ilow(i,j), values within the local 

neighbourhood, where I(i,j) represents the grey voxel value. If the contrast 

𝐶(𝑖, 𝑗)  =  𝐼ℎ𝑖𝑔ℎ(𝑖, 𝑗)  − 𝐼𝑙𝑜𝑤(𝑖, 𝑗)  (2.30) is below a certain threshold, then 

the neighbourhood consists of only one class defined as background or 

foreground, depending on the threshold value, obtaining a binarized image. 

 

2.5.1.3 Region Growing 

 

Another image segmentation method used in this work is known as region 

growing. The algorithm considers an initial “seed point”, from which a 

region (also called “blob”) grows, incorporating all the nearby voxels which 

respect certain criteria of mutual connectivity. In this way, all the voxels 

which follow similar criteria are added to the initial volume. The region 

growing algorithm used for this work is implemented in 3D in VG Studio 

MAX 2.0, a software for image analysis and visualization. More details on 

the algorithm can be found in Petrou & Bosdogianni, 2004 and in Patera et 

al., 2007. 

 

2.5.1.4 Active contour based on Chan and Vese algorithm 

 

A method for segmenting images was developed by Chan and Vese, 2001. 

This is a powerful and flexible method which is able to segment many types 

of images, including some that would be quite difficult to segment in means 

of "classical" segmentation – i.e., using thresholding or gradient based 
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methods. The basic idea in active contour models or snakes is to evolve a 

curve, subject to constraints from a given image, in order to detect objects in 

that image. For instance, starting with a curve around the object to be 

detected, the curve moves toward its interior normal and has to stop on the 

boundary of the object.  

 

2.5.2 Image registration 

 

The analysis of body motion (deformation) is one of the more actively 

studied areas of image processing and computer vision. Motion analysis can 

be applied in different fields, including the extraction of camera motion, 

robot navigation, image registration, etc. (Szeliski and Coughlan, 1997). 

The common problem is to detect correspondences between regions in 

difficult images. We refer to this problem as image registration.  

In this context, registration is a very important technique to match two or 

more images taken at different times or conditions. A broad range of 

registration methods have been developed over the years.  

Image registration consists also in finding a geometrical transformation 

which tries to spatially align different images using to the minimization of a 

matching error, i.e. the distance measured between two images. In the last 

ten years, several approaches have been developed.   

We first introduce some basic terminology. 

Target, fixed or reference image: the image that is kept unchanged and is 

used as the basis for comparison. 

Source or moving image: the deformed or geometrically transformed image, 

which has to be aligned with the target image. 

Transformation: the function used to align the source with the target image. 

Since large amounts of images can exhibit different degradation levels due 

to artefacts, noise, etc., it is difficult to outline a universal method applicable 

for any registration task.  

Preliminary steps before proceeding to image registration may include:  

Pre-processing: smoothing, deblurring, edge detection, segmentation, etc. 

Feature detection: extracting points, lines, regions. These features are also 

called control points. 

The determination of the specific location of features in images (target and 

source) must be as accurate as possible and the detection must not be 
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sensitive to image degradation. The quality of the feature matching impacts 

strongly the performance of the registration procedure. A transformation 

function uses the coordinates of the control points to find the 

correspondence between the two images. 

In 3-D, the coordinates of control points are given by: 

 

{(𝑥𝑖, 𝑦𝑖, 𝑧𝑖), (𝑋𝑖, 𝑌𝑖, 𝑍𝑖): 𝑖 = 1, … , 𝑁} 
 

where 

 

𝑋𝑖 = 𝑓𝑥(𝑥𝑖, 𝑦𝑖 , 𝑧𝑖),         

𝑌𝑖 = 𝑓𝑦(𝑥𝑖, 𝑦𝑖, 𝑧𝑖), 

𝑍𝑖 = 𝑓𝑧(𝑥𝑖, 𝑦𝑖, 𝑧𝑖), 𝑖 = 1, … , 𝑁.                    (2.31) 

 

The general problem of image transformation is to find a single-valued 

function that interpolates or approximates 

 

{(𝑥𝑖, 𝑦𝑖, 𝑧𝑖, 𝑓𝑖): 𝑖 = 1, … , 𝑁}. 

 

A component of a transformation function can be represented by a variety of 

functions. The type of function selected should depend on the type of 

geometric difference between the two images and the accuracy of the 

feature extraction and points matching procedure. 

In the following, we describe a linear transformation function called affine 

transformation. 

 

2.5.2.1 Affine transformation for the estimation of the global strains in 

wood  

 

The most commonly used registration transformation is the affine 

transformation, where changes in position, size and shape of a volume are 

described. The parametrization of a 3D affine transformation involves 

twelve parameters (three for defining translation, three for rotation, three for 

scaling and three for shear), which describe the function f, which relates 

each point �̅� of the reference image to the corresponding point �̅�′ = 𝑓(�̅�) of 

the moving image. The affine registration model is described by: 
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�̅�′ = 𝑓(�̅�) = �̿��̅� + �̅�,                        (2.32) 

 

where �̿� is a 3×3 matrix of real numbers and �̅� a column vector of R
3
. The 

affine transformation is global in the sense that its parameters are 

independent from the image location. �̿� gives the contribution of shear, 

scaling and rotation and can be decomposed into the product of three 

matrices, while �̅� is referred to the translation factor, as schematized in 

Figure 2.6.  

In more details, 

 

�̿� = (

𝐴11 𝐴12 𝐴13

𝐴21 𝐴22 𝐴23

𝐴31 𝐴32 𝐴33

) = 𝑆̿ ∙ �̿� ∙ �̿�            (2.33) 

 

𝑆̿, �̿� and �̿� are respectively the shear, scaling and rotation matrices given by: 

 

𝑆̿ = (

1 𝑆12 𝑆13

𝑆21 1 𝑆23

𝑆31 𝑆32 1
),                        (2.34) 

 

�̿� = (
𝐿1 0 0
0 𝐿2 0
0 0 𝐿3

),                           (2.35) 

 

�̿� = (
𝑅11 𝑅12 𝑅13

𝑅21 𝑅22 𝑅23

𝑅31 𝑅32 𝑅33

) = 𝑅1
̿̿ ̿ ∙ 𝑅2

̿̿ ̿ ∙ 𝑅3
̿̿ ̿           (2.36) 

 

where 𝑅1
̿̿ ̿, 𝑅2

̿̿ ̿ and 𝑅3
̿̿ ̿ are the rotation matrices respectively along the three 

axes, using the Euler angles formulation for rigid rotation (Goldstein, 2002). 

Using a homogenous coordinate system (indicated by the symbol “”), we 

obtain: 

�̅�′ = 𝑓(�̅�) = �̿��̅� + �̅� ⟹ �̅̃�′ = 𝑓(�̅̃�) = �̿̃��̅̃�           (2.37) 
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where 

 

�̿̃� = (

𝐴11 𝐴12 𝐴13 𝑇1

𝐴21 𝐴22 𝐴23 𝑇2

𝐴31 𝐴32 𝐴33 𝑇3

0 0 0 1

)            (2.38) 

 

The coefficients along the main diagonal are related to the main strain 

tensor. In fact, the affine registration model assumes that each component of 

the displacement vector field, 𝑈𝑙,𝑖⟶𝑗(�̅�), 𝑙 = 1,2,3, is a linear combination 

of the spatial variables, meaning that the strain tensor components are 

constant over the domain of interest. Under the approximation of small 

displacement gradients, it turns out that: 

 

휀𝑎𝑓𝑓𝑖𝑛𝑒,11 =
𝜕𝑈1,𝑖→𝑗

𝜕𝑥1
= 𝐴11 − 1,             (2.39) 

휀𝑎𝑓𝑓𝑖𝑛𝑒,22 =
𝜕𝑈2,𝑖→𝑗

𝜕𝑥2
= 𝐴22 − 1,             (2.40) 

휀𝑎𝑓𝑓𝑖𝑛𝑒,33 =
𝜕𝑈3,𝑖→𝑗

𝜕𝑥3
= 𝐴33 − 1,             (2.41) 

 

where 휀𝑎𝑓𝑓𝑖𝑛𝑒,11, 휀𝑎𝑓𝑓𝑖𝑛𝑒,22 and 휀𝑎𝑓𝑓𝑖𝑛𝑒,33 are the main affine strains along 

the three axes.  

 
Figure 2.6: Schematic representation of the affine registration procedure for 

calculating the principal swelling/shrinkage strains by applying an affine 

transformation matrix composed of R (rotation), L (scaling) and S (shear) matrices, 

after applying the T (translation) vector. 

file:///C:/EmpaDaten/PhD%20thesis/chapter%20thesis/cap2/final/cap2/Chapter%202.docx
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The affine registration is a good approximation for describing global 

deformations. However, the occurrence of local deformations is not 

captured with this model. For this reason, we will introduce a non-affine 

registration model in Chapter 4. 

 

 

2.6 Needs for further research  
 

The origin of the anisotropic swelling behaviour of a natural and cellular 

material like wood cannot be understood at the macro-scale since its origin 

lies at the cellular and sub-cellular scales. Investigations on wood are carried 

out since many years, but only recent developments in 3D microscopy allow 

more detailed investigations, which allow the study of the role of geometry 

and the material behaviour of the cell walls. Robust methods for image 

acquisition and image analysis are needed. These methods allow to explore 

anisotropic moisture induced deformations of cellular microstructures. The 

relation between material structure and hygro-mechanical behavior of 

biological materials is not yet completely understood. This thesis aims at 

introducing a robust method for investigating the hygro-mechanical 

behaviour and its link to the complex matrix of structure of soft cellular 

materials, such as wood.  

Not only an experimental approach has to be defined for accurate image 

acquisition, but also appropriate algorithms for image analysis and image 

registration have to be developed, which allow the investigation of the 

global and local deformations in complex-shaped materials such as wood.  

 

 

 

 

 

 



 

 

 

 

Chapter 3 

 

Experimental procedure 
 

 

In this thesis, a typical experimental setup consists of a chamber with 

controlled environmental conditions to house the wood sample and an X-ray 

tomographic microscopy. The experimental work presented in this thesis 

has been performed at the TOMCAT (TOmographic Microscopy and 

Coherent rAdiology experimenTs) beamline of the Swiss Light Source 

(SLS), PSI Villigen and at the Centre for X-Ray Tomography of the Ghent 

University (UGCT) in Belgium. The wood samples can be subjected to 

different environmental conditions. Different configurations to fully 

investigate the cell wall structure, the cell features and wood behaviour 

during hygroscopic loading in free or restrained swelling conditions are 

designed and presented in this chapter. The design and manufacturing of the 

restraining device are presented. To complete the information acquired by 

imaging, the actual moisture content in the wood cell wall at different 

environmental conditions is measured by vapour sorption analysis. Thus, to 

conclude, the dynamic vapour sorption apparatus is described. 

 

 

3.1 X-ray tomography on softwood: the different 

configurations 
 

The identification of anatomical and physical properties of wood is 

important in wood science and technology (Mäkinen et al., 2008) and relies 



CHAPTER 3. EXPERIMENTAL PROCEDURE 

 

   39  
  

mainly on procedures performed at the microscale. The conventional 

approach consists of a microtome, a light microscope with a camera 

mounted on the top and an image analysis software. The anatomy and 

behaviour of wood has been documented in literature by using more 

advanced techniques such as SEM (Scanning Electron Microscopy), TEM 

(Transmission Electron Microscopy), AFM (Atomic Force Microscopy), 

CSLM (Confocal Scanning Laser Microscopy), etc. The main disadvantages 

of these techniques are the loss of three-dimensional information and the 

time required to obtain quantitative information. In addition to the 

aforementioned techniques, we mention X-ray tomography, which is 

extensively used in this work. It is a technique used in several research 

disciplines from the medical field (Fu and Kuduvalli, 2008), soil science 

(Taina et al., 2008), hydrology (Wildenschild et al., 2002), entomology 

(Fuchs et al., 2004), plant physiology (Lee and Kim, 2008) and material 

science (Cnudde and Jacobs, 2004). The wide range of applications has been 

made possible due to the recent improvements in terms of image quality, 

imaging speed and deposited radiation dose. 

In the last thirty years, micro-CT, either lab-based or synchrotron, has 

become mainstream in biological material research. Lab-based micro-CT 

systems (Jakubek et al., 2006; Masschaele et al., 2007) have lower flux but 

are more affordable. The most commonly used lab-based X-ray setup is the 

standard cone-beam micro-CT (Feldkamp et al., 1984; Turbell, 2001), in 

which the conical beam provides a magnification of the sample located at 

any position between X-ray tube and detector (Figure 3.1 (a)). The detector 

may rely on different technologies, such as an amorphous silicon (a-Si) flat-

panel detector combined with a relatively thick scintillator screen to obtain a 

high dynamic range. In this case, the achievable resolution is limited to the 

focal spot size of the X-ray source. Small spot sizes (below 1 m) reduce 

the X-ray flux, resulting in high resolution micro-CT (<1 m). However, 

due to the low signal-to-noise ratio and the low flux, they need a long 

exposure time and are therefore very time-consuming. Long scanning time 

produces instabilities in conditioning the samples, especially, as is here our 

case, where softwood samples are located in an environmental chamber and 

scanned after achieving a steady-state equilibrium at different relative 

humidity.  
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As synchrotron source has a high X-ray flux, but the X-ray beam is almost 

parallel, making geometrical magnification impossible without X-ray optics. 

The X-ray beam passes the monochromator, for selecting an energy with a 

certain bandwidth (Cnudde et al., 2013). This high flux can be detected by a 

thin scintillator screen, converting the X-rays to visible light (Figure 3.1 

(b)). Geometrical magnification can be achieved with this configuration 

using Fresnel Zone plates (Chao et al., 2005; Chu et al., 2008), resulting in 

very high resolution.  

 
Figure 3.1: Schematic diagrams (a) of a typical lab-based micro-CT setup with a 

conical X-ray beam, (b) of a typical synchrotron-based micro-CT setup (from 

Cnudde et al., 2013) 

 

Conventional tomography provides a 3D distribution of the local linear 

attenuation coefficient, which is stored as a stack of 2D slices equally 

spaced. By acquiring projection images from different directions, a 3D 

file:///C:/EmpaDaten/PhD%20thesis/chapter%20thesis/cap2/final/cap2/correction_dec13/Chapter%202.docx
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volume is reconstructed using a dedicated computer algorithm. After 

imaging acquisition and reconstruction, tomographic imaging analysis 

software is used to obtain quantitative results. The results can include 

anatomical analysis, revealing the cell wall features of softwood, and the 

observation of the physical properties of the samples under investigation. 

However, before starting with the imaging analysis, most of the 

reconstructed tomographic volumes require a pre-processing procedure 

which takes into account the limitations of the experimental setup and of the 

imaging tools adopted.  

 

3.1.1 Lab-based tomography  

 

UGCT (Centre for X-ray Tomography of the Ghent University) provides a 

unique combination of a top-quality high resolution PCXTM (Phase 

Contrast X-ray Tomographic Microscope) facility, specifically customized 

for investigating wood microstructure, and of a phase contrast tomographic 

image reconstruction software platform (Octopus) which gives access to the 

control of the reconstruction parameters. The lab-based micro-CT facility 

provides 3D dataset of samples within 1-2 hours of X-ray scanning and data 

reconstruction, as described in Masschaele et al., 2007. The main 

components of the CT scanner are the X-ray tubes, the sample stage and the 

X-ray detectors, see Figure 3.2. A motorized stage can be combined with 

either of the two X-ray tubes and either of the two X-ray detectors. Thus, 

two configurations are possible, one for high resolution up to 900 nm and 

one for the acquisition of large samples (up to 37 cm in diameter). The two 

detectors used during the experimental work are: 

- Varian Paxscan 2520: with CsI scintillator, 1820x1460 pixels of 

127μm pixel pitch; 

- Photonic Science VHR: with thin gadox scintillator, 3600×3200 

pixels of 7.74 m pixel pitch. 

The flexibility of the system allows choosing arbitrarily the reconstructed 

voxel size which can be selected within the range 200 m to 50 nm. The X-

ray source, a nano-focus tube, can reach a focal spot size of 1 m. This 

configuration is used during the experiments presented in Chapter 6. More 

details on the experimental setup can be found in Dierick et al., 2014. 
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Figure 3.2: X-ray tomographic setup at UGCT, showing (i) the end of the X-ray 

tube, (ii) the environmental chamber, (iii) the wood sample and (iv) the detector. 

 

3.1.2 Synchrotron-based micro-CT 

 

A better contrast, higher resolution and faster imaging time can be achieved 

using synchrotron light than with lab-based setups. In particular, the photon 

density of third generation synchrotrons brings huge advantages compared 

with the traditional laboratory setup. Synchrotron radiation yields 

electromagnetic radiation characterized by a much higher brilliance, which 

provides increased spatial and temporal resolution to resolve details as small 

as 1 micron in millimetre-sized samples within few minutes.  

 

3.1.2.1 TOMCAT beamline 

 

Synchrotron radiation tomographic datasets were acquired at the TOMCAT 

beamline at the SLS of PSI, Villigen, Switzerland. The source is a 2.9 T 

bending magnet with a critical energy of 11.6 keV, which provides a photon 

flux between 8 and 45 keV. A double crystal multilayer monochromator 

(DCMM) is used to select X-rays with defined X-ray photon energy, i.e. for 
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the TOMCAT, ranging between 12 and 20 keV. The monochromaticity of 

the X-ray beam makes quantitative measurements of material properties 

possible and vastly simplifies the identification of different phases, since 

beam hardening artefacts, distinctive for lab-based setup, can be avoided. 

Furthermore, monochromatic and high photon flux increases the contrast 

and reduces the noise.  The almost parallel beam geometry common for 

synchrotron radiation tomography permits the accurate reconstruction of the 

volumes without cone artefacts. 

The small source size (x=53 m, y=16 m), coupled with the high quality 

of the optical components, guarantee a highly transversally coherent beam 

even for TOMCAT, a rather short beamline (Marone et al., 2011). The 

coherence of the beam ensures that different imaging modalities can be 

exploited, enabling the optimal investigation of both low and high absorbing 

samples. In fact, an alternative to absorption tomography, phase contrast 

imaging is the best option for low-absorbing materials such as wood. 

Generally, the interaction of X-rays with materials directly depends on the 

atomic number. As wood is composed of approximatively 50% carbon, 44% 

oxygen and 6% hydrogen, thus elements with small atomic number, its 

interaction probability is small, which necessitates the utilisation of low 

beam energies for investigations (Mannes et al., 2010) and phase contrast 

imaging. 

The photon intensity is detected by a scintillator-CCD-camera system. The 

TOMCAT X-ray detector consists of a Ce-doped Y3Al5O12 single crystal 

scintillator able to convert the X-rays into visible light. This light then 

passes through an optical microscope, gets reflected in a mirror and is 

finally projected on a 2048 × 2048 pixels CCD camera with a 14 bit 

dynamic range. The specific microscope configuration is optimized for each 

experiment. Most of the synchrotron-based tomographic microscopy end 

stations are based on parallel beam geometry with a spatial resolution 

limited to a few millimetres. This configuration is used during the 

experiments related in Chapters 5 and 7. 

 

3.1.2.2 Phase contrast nano-tomography on wood 

 

One of the common approaches to achieve sub-100-nm resolution is full-

field microscopy, i.e. where the whole field of view is imaged to a detector 
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plane at the same time. Zernike phase-contrast hard X-ray nanotomography 

in the full-field mode of image acquisition was applied to image the 

bordered pits and middle lamella in the cell wall of spruce wood, as shown 

in Chapter 8. Nanoscopic configuration allows to perform local 

nanotomography with a nominal voxel size of sub-100 nm (Stampanoni et 

al., 2010).  

For this configuration, the key optical elements are a condenser, to provide a 

homogeneous intense illumination of the sample and an objective lens, to 

provide a magnification of the image on the detector. The optimum 

resolution is then achieved by matching the numerical aperture of the 

illumination with that of the objective lens. Schematically, a beam shaper 

collects the light coming from the source and condenses the incoming 

radiation onto a 50 × 50 m
2
 top-flat square spot, producing a top-flat 

square illumination on the sample. The beamshaper is a 1 × 1 mm
2
 in size, 

with 1-m-thick gold structures (Gorelick et al., 2010). The outermost zone 

width is r=100 nm. A square central stop aperture (600 × 600 m
2
) has 

been used to block the zero
th

 order and the size of its shadows matches with 

the size of the beamshaper illumination magnified by the objective lens on 

the detector. The Fresnel zone plate magnifies this region into the detector 

located at 9 m of distance, resulting in a magnification factor of M = 110×.  

At a distance of 80.7 mm from the Fresnel zone plate, the Zernike Phase 

Dots consists of a dot array which is aligned to the diffraction spots, 

generating Zernike phase contrast. For the work on middle lamella and 

bordered pits discussed in Chapter 8, we use the latest configuration of the 

nano-tomographic setup, in which the condenser and the Zernike Phase Dots 

have a circular shape, in order to allow the suppression of the halo artefacts. 

More details can be found in Vartiainen et al., 2014. The depth of the dots 

(ddepth=6.34 m) can be adjusted to reach the desired phase shift, leading to 

a phase shift of π/2 at 10 keV. The sample is located between the condenser 

and the Fresnel zone plate (objective lens), as shown in Figure 3.3 (a). A 

Photonic Science VHR Image Star X-ray camera based on a full-frame 

transfer Kodak charge coupled device (CCD) with 3056 × 3056 pixels of 12 

× 12 m
2
 size is located downstream and collects the raw projections with a 

14 bit dynamic range. The camera features a full well capacity larger than 

110 ke
-
/pixel with a readout noise at 8 MHz of less than ten electrons and 

dark current smaller than 0.5 electrons/pixel/second. A film of 2.5 mg/cm
2
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GdOS:Tb is deposited on a fiber optic taper (FOP), resulting in a final 

assembly of 12 × 12 mm
2
 sized active input window with an optical 

resolution of 4 m. For a magnification factor M = 110×, this setup yields a 

theoretical pixel size of 36 × 36 nm
2
. The tomographic projections are 

reconstructed using a filtered back-projection algorithm with ring artefact 

removal, as described in Münch et al., 2009. A schematic representation of 

the experimental setup is shown in Figure 3.3 (b). The resolution of the 

system is limited by the Rayleigh criterion RRayleigh = 122 nm. 

 

 

Figure 3.3: (a) Photo of the phase-contrast nano-tomography setup at TOMCAT, 

showing (i) the end of the X-ray tube, (ii) the condenser, (iii) the environmental 

chamber housing the wood sample, (iv) the Fresnel zone plate and (v) the Zernike 

a 

b 
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phase dots. The camera is located at 9 meter of distance from the (iv) and is not 

shown in the picture. (b) Schematic representation of the nano-tomographic 

microscopy (Stampanoni et al., 2010), with bordered pits imaged on the detector. 

 

 

3.2 The environmental chambers 
 

Two environmental chambers are built, adapted to each of the tomographic 

setups, with different designs and dimensions.  

The climatic chamber used during the measurements at TOMCAT has 

interior dimensions of approximately 39 × 15 × 40 mm
3
. Schematic 

representations of the environmental system and of the climatic chamber are 

shown in Figure 3.4 (a-b). The chamber has two windows of 15 × 15 mm
2
, 

fitted with sheets of polyimide, which is transparent to X-rays. The bottom 

part of the chamber is screwed to a bridge that spans over the rotational 

stage of the tomographic setup. The top part acts as a sealed cap to enclose 

the space while giving access to the specimens. Additionally, the top has 

two holes for the data acquisition system (DAS) wires connecting to two 

solid state integrated RH/temperature sensors. A flexible membrane is 

attached to a sliding ring that wraps carefully around the rotational stage 

closing the gap without hindering the stage movement. The air inlet and 

outlet tubes are inserted into two ports thought the chamber walls. Another 

climatic chamber (Figure 3.5 (c)) has been manufactured to be adapted to 

the tomographic setup available at the Centre for X-Ray Tomography of the 

Ghent University (UGCT), in Belgium. In this case, the dimensions are 

approximately 92×30×60 mm
3
 with two polyimide windows of 40×35 mm

2
. 

The cover can slide on the lateral sides of the chamber in order to facilitate 

access (as needed for samples and sensors positioning). 

 

3.2.1 The environmental conditions control system 

 

An air handling system controls the air flow rate through the chamber and 

the relative humidity of the supply air, see Figure 3.4. The experiments are 

conducted under isothermal conditions provided by the TOMCAT room, so 

no cooling or heating of the air is necessary. A given relative humidity of 

the air is achieved by mixing dry and water vapour saturated air. The exact 

value of the relative humidity is measured downstream of the chamber with 
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a dewpoint hygrometer. The hygrometer output is used to regulate the 

relative humidity in the mixing room. The environmental conditions, e.g. 

relative humidity and temperature, are monitored by a data acquisition 

system, where 4 channels measure different variables, such as temperature, 

RH, dew point, mixture ratio, partial vapour or enthalpy. The capacity 

relative humidity sensors have a typical resolution of 0.1% for relative 

humidity and 0.1 K for dew point temperature. The air velocity within the 

chamber is approximately 0.5 cm/s and the flow is laminar as verified by 

smoke visualization (see Figure 3.5). 

 

 
Figure 3.4: Environmental chambers and system to control air conditions around 

the sample: (a) schematic representation of the environmental control setup, (b) 

schematic representation of the environmental chamber used at TOMCAT and (c) 

of the chamber used at UGCT. 
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Figure 3.5: Smoke visualization for the observation of a laminar flow inside the 

climatic chamber, performed with high-speed camera and smoke generator. In (a) 

the inlet and outlet tubes and the wood sample are indicated. (b) Smoke is injected 

in the chamber to visualize the laminar flow. 

 

 

3.3 PMMA restraining device 

The hygro-mechanical behaviour of wood tissue is investigated under free 

swelling and under restrained conditions. For this second condition, a device 

is manufactured out of PMMA with laser ablation.  

 

3.3.1 Selection of device material 

 

The material of the restraining device must be stiff and transparent to X-

rays. The need for X-ray transparency disqualifies stiff materials such as 

ceramics and metals. However, polymers are classified as moderately stiff 

materials, in a range similar to wood, with a Young’s modulus between 0.1 

GPa and 10 GPa. Also, given their lower density, polymers are quite 

transparent to X-rays. A readily available and known polymer is PMMA.  

In terms of physical properties, PMMA is a polymer with excellent optical 

clarity, good weathering resistance, high tensile strength (48-76 MPa) and 

tensile modulus. This material is a quite stiff material with a Young’s 

modulus ranging between 1.8 GPa and 3.1 GPa. The mechanical properties 

of polymers can vary with temperature and humidity.  In the case of 

PMMA, Young’s modulus slightly decreases linearly with increasing RH 

(Shen et al., 1985; Tobolsky and McLoughlin, 1952; Ishiyama, 2001). 

PMMA is reported to absorb very little water. We performed a dynamic 

vapour sorption (DVS, see section 3.4) measurement on a PMMA cube. In 

Figure 3.6, the PMMA moisture content (MC) is plotted versus RH. The 
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MC ranges between 0 and 0.3% for RH values between 5% (considered as 

dry state) and 90%. Thus, the amount of moisture adsorbed by PMMA in 

the hygroscopic range is negligible compared with the MC of wood in the 

same range. This leads to the very small deformations induced by moisture 

in PMMA. Swelling of PMMA by water sorption is equal to 0.4% at 25°C 

and 100% RH (Lacroix, 2007). 

 

 
 

Figure 3.6: Adsorption (grey) and desorption (black) curves of PMMA acquired 

by dynamic vapour sorption apparatus. 

 

The chemical formula of PMMA is (C5O2H8)n, and its density ρ is 1190 

kg/m
3
. In (Hubbell and Seltzer, 1995), the mass attenuation coefficient of 

polymer compounds is calculated at photon energies from 1 keV to 20 MeV 

with: 

 

μ ρ = ∑ wi(μ ρ⁄ )iI⁄                 (3.1) 

 

where wi is the fraction by weight of the i
th

 atomic constituent and (𝜇 𝜌⁄ )𝑖 is 

the mass attenuation coefficient of each constituent element. This results in 

a mass attenuation coefficient of  𝜇 𝜌⁄ = 0.5714 𝑐𝑚2 𝑔⁄  in PMMA for E = 20 

keV, indicating that this material is relatively transparent to X-rays (Seltzer, 
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1989). The transparency of PMMA is required to allow the X-ray to pass 

through the restraining device and to interact mainly with the wood sample. 

A monochromatic photon energy of 20 keV, which is the energy level used 

at the TOMCAT beamline of Swiss Light Source (SLS) during the current 

experiments, is reported not to produce damage to PMMA (Tynnyi, 1967). 

Thus, for its transparency to X-ray and its high stiffness, PMMA satisfies 

the requirements as the material out of which the restraining device is made.  

 

3.3.2 Fabrication 

 

A picosecond (ps)-laser ablation system is used to produce the device. Such 

laser system has many applications in micro-machining, such as micro-

structuring surfaces, micro-cutting and micro-drilling thin materials up to a 

few millimetres thick. The ps-laser can ablate any type of material 

(polymers, metals, semiconductors, glasses, and ceramics) without 

mechanical force, without wear and tear and without thermal damages. The 

YAG (yttrium aluminium garnet)-laser operates at 1064 nm, 532 nm and 

355 nm with repetition rates 0-500 kHz and average power up to 10 W at 

1064 nm and up to 4 W at 355 nm. The scanning of the beam over the 

sample is possible either by precise XY stage with travel range 350×210 

mm
2
 or with galvanic scanner covering 50×50 mm

2
 area. The sample is 

positioned in the path of the beam by a CCD camera with an accuracy better 

than 10 microns. 

The material removal rate as a function of average power at 50 kHz 

frequency and 355 nm wavelength is calibrated on a 2 mm thick PMMA 

sample. The resulting depth and roughness are measured with the Tencor P-

10 Surface Profiler. A stylus scans the sample across the grooves produced 

by the laser, which are schematically shown in Figure 3.7 (a). The depth as a 

function of power is plotted in Figure 3.7 (b). As can be seen, the material is 

not removed at power level of 50 mW, which appears to be below the 

ablation threshold for the parameters used. On the other hand, one can 

observe a strong increase of the removal rate at the power level of 1000 

mW. Material melting takes place at this power level, which makes the 

ablation process similar to that of (nanosecond) ns-laser.  The dependence of 

the removal rate on power was found to be quite linear in a 150-700 mW 

range. Finally, 500 mW is chosen as power level to produce the 0.5x2x4 
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mm
3
 (depth, width and length) slot in the 4x4x4 mm

3
 cubes and the 0.5x1x3 

mm
3 

slot on the 3x3x3 mm
3
 samples. These cubes are first produced by an 

industrial nanosecond (ns)-laser ablation system, while the 2x2x2 mm
3
 

cubes, and all the slots in the cubes of three sizes, are cut by ps-laser 

ablation using wavelength of 355 nm, frequency of 50 kHz, and a hatch and 

spot-to spot distance of 3 m. The 2 mm-thick devices require a scanning 

time up to 5 seconds at 300 mW power at each scan (in the X-Y plane), 

while the thicker samples needed 10 seconds for one X-Y scan at higher 

power (up to 500 mW). For the smallest cubes, the power is decreased down 

to 300 mW to reduce the melting effects, which are arising on the sample 

surface during multiple scanning. In total, 10 restraining devices are 

manufactured.  

Figure 3.7: (a) Schematic representation of micro-machining by laser ablation at 

different power values (from 50 mW to1 W). (b) Depth of groove after one pass in 

X and Y directions versus power used. 

 

The procedure followed to fabricate the slots is described below: 

 The laser beam is scanned in the X-Y directions on one side of the cube 

to form the first part of the slot. At this stage the first half of the first slot 

has a conical shape. 

 The sample is rotated 180° to continue the machining of the remaining 

part of the first slot. 

 The first two steps are repeated for the manufacture of the second slot, 

perpendicular to the first one. 

 A 0.5 mm diameter screw (corresponding to the slot height) is carefully 

used to remove the remaining material in order to get a rectangular 
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shape for the slot. The manipulation is controlled under an optical 

microscope. 

 Finally, a silicon carbine paper is used to polish the inside surfaces of 

the slot. 

 

3.3.3 Design of the restraining method 

 

The aim is to design a restraining device which fits within an environmental 

chamber with controlled air conditions. Therefore, a passive mode of 

restraint during swelling is considered in this work, by producing a device 

that resists the swelling of the sample. A first complexity is posed by the 

natural cellular structure of wood, which makes it impossible to produce a 

wood sample with plane surfaces as cutting through cells results always in 

dented surfaces. The idea is to fabricate a solid restraining device that would 

restrict swelling in one direction. Another design constraint is that both the 

wood sample and its contact with the restraining device must fit within the 

field of view (FOV) of the microscopic setup to reach high resolution. So 

the chosen approach is to insert the sample into a slotted cubic device. The 

slot should provide two flat smooth surfaces to restrain the displacement of 

the sample undergoing swelling and should be visible in the FOV. In 

addition, the slot allows humid air to access the sample. The slotted devices 

are manufactured by picosecond (ps)-laser ablation, as explained in 

preceding section. The cube dimensions are optimized to provide an 

appropriate rigidity of the device and optimum space for image acquisition. 

For this purpose, a finite-element modelling parametric study is carried out 

to estimate the deformation of the device and slot boundaries under swelling 

pressures. The effective material properties arising in problems of hygro-

elasticity are the elastic stiffness and the hygro-expansion coefficients. For 

modelling, the hygro-elasticity is considered equivalent to thermo-elasticity 

with moisture content playing the role of temperature. The swelling pressure 

of the spruce wood from dry to high RH is known to be about 2 MPA, based 

on macroscopic experiments (e.g. Virta et al, 2006). The selected material, 

PMMA, is elastic isotropically with elastic Young’s modulus E = 3 GPa and 

Poisson’s ratio υ=0.3. Different geometries are considered. The swelling 

load is applied as a uniform pressure on the top and bottom surfaces of the 

slot in a region of 1 mm wide through the whole opening and the 
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deformation of the cube is calculated using the finite element package 

ABAQUS/Standard (Rising Sun Mills, Providence, RI, USA) through its 

Python scripting interface. The results of the simulations for different 

geometries of the cube and slot sizes in terms of the deformation in the y-

direction are shown in Figure 3.8. The 2×2×2 mm
3
 cube is subjected to 

higher deformations compared with the two bigger cubes under the above 

mentioned conditions. For cases b and c in Figure 3.8, the maximum central 

displacement in the y-direction ranges between 1.9 m and 2.5 m against 

the higher 3.2 m vertical displacement in the 2×2×2 mm
3
 cube. Smaller 

deformations occur in the 3×3×3 mm
3
 PMMA cube under load, while 

intermediate values are found in the 4×4×4 mm
3
 device. Based on this 

study, the 3×3×3 mm
3
 and the 4×4×4 mm

3
 cubes are selected as providing 

good restraint to the swelling of the wood samples.  
 

 
Figure 3.8: Geometry (above) and displacement field in y-direction (below) for 

three configurations of the restraining device, (a) 2×2×2 mm
3
, (b) 3×3×3 mm

3
, (c) 

4×4×4 mm
3
. 
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3.4 Dynamic vapour sorption machine 
 

The dynamic vapour sorption instrument (VTI-SA+ Vapour Sorption 

Analyser), as shown in Figure 3.9, measures the mass of the sample as it 

adsorbs or desorbs moisture, respectively with increasing or decreasing RH 

with high precision. Identical conditions of temperature and humidity for the 

sample and a reference are achieved. The vapour sorption instrument is 

composed of two measurement pans, namely the sample and reference 

holders, suspended from the arms of an ultra-sensitive microbalance (0.1 g 

sensitivity and ± 0.1% weighing accuracy) and located each in a different 

chamber. The chambers are linked to each other and subjected to identical 

environmental conditions, as they are located in a thermostatically 

controlled cabinet, within ±0.1°C in the range of 5 to 60C. A constant flow 

of dry nitrogen gas, mixed with another nitrogen stream containing water 

vapour, maintains a set RH with an accuracy of "±" 1%RH in the 2 to 95% 

RH range. The RH is determined by a two-stage chilled-mirror dewpoint 

analyser. The apparatus can be programmed to execute a series of RH/T air 

conditions in terms of actual duration of steps or in terms of an equilibrium 

criterion. The running time, isotherm temperature, target RH, actual RH and 

sample weight are recorded throughout the isotherm run.  
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Figure 3.9: Photograph of the VTI-SA+ Vapour Sorption Analyser, with its 

control panel. 

 

 

3.5 Summary 
 

In this chapter, all the experimental procedures used in the following 

chapters are explained. In particular, three different configurations of X-ray 

tomography are described: synchrotron-based X-ray micro-tomography and 

nano-tomography, and lab-based X-ray tomography. The advantages of 

using synchrotron-based X-ray tomography for in-situ experiments are 

largely discussed. Especially for samples conditioned at steady-state 

equilibrium, the high flux of synchrotron radiation allows to acquire 

tomographic datasets in few minutes against the scanning hours needed with 

the X-ray tube source. Additionally, two different designs of environmental 

chamber adapted to the two main configurations (synchrotron-based and 

lab-based) are illustrated. In this work, hindered swelling of wood is also 

studied. Thus, the design and manufacturing of the restraining device is 

discussed. Finally, the last equipment used for measuring the mass of the 
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samples at different RH levels, named DVS machine, is discussed. All these 

components are used in the following chapters. The next chapter discusses 

the registration method developed for identifying the local deformation, a 

needed tool for the analysis of the swelling and shrinkage of wood. 

 



 

 

 

 

Chapter 4 

 

Non-affine registration algorithm 
 

 

In this chapter, we describe a quantitative method to analyse the 

deformations in cellular wood tissues when subjected to environmental 

changes. The goal of image registration in tomographic datasets of wood is 

to relate any point in the image sequence taken at different wet states to the 

dry state of the image, in other words, to find an optimal transformation 

between the two states.  

Transformations used to align two images can be global or local. A global 

transformation is given by a single equation which maps the entire image. 

One global method, namely the affine transformation, has been previously 

introduced and described in section 2.5.2. The affine registration model 

allows to quantify the affine strains along the three orthotropic directions of 

wood. However, this model fails to identify the local deformations. Local 

transformations are much more difficult to describe considering that the 

image mapping depends on the spatial location (Brown, 1992). We propose 

a method to detect and quantify local deformations in cellular tissues using a 

non-affine registration model, based on B-spline functions. After a review 

of the previous works, a description of the basic idea of image registration is 

given. Then the local transformation model based on B-splines is 

mathematically described. Finally, the procedure of the algorithm is 

presented.  
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4.1 A survey of image registration techniques: affine and non-

affine 

 

Due to the importance of image registration in various application areas and 

given its complicated nature, a large number of image registration 

algorithms have been developed in the past. An exhaustive review of 

general-purpose image registration methods can be found in Brown (1992). 

One of the first works in this field appears in Roberts (1963), where 

projections of the edges of model polyhedral solids were aligned with image 

edges, thus enabling to detect and locate predefined polyhedral objects in 

the images. Over the years, image registration has been used mostly for 

medicine applications which explains that most of the algorithms have been 

developed in this field (Pluim and Fitzpatrick, 2003). 

Applications of image registration in the medical field include combining 

data from different modalities e.g. computer tomography (CT) and magnetic 

resonance imaging (MRI), to obtain more complete information about the 

patient, monitoring tumour growth (Wyawahare et al., 2009), treatment 

verification (Gering et al., 1999; Gering et al. 2001; Staring et al., 2009), 

computer-aided diagnosis and disease following-up (Huang et al. 2009); 

surgery simulation (Miller et al. 2010); atlas building and comparison 

(Gooya et al. 2011); radiation therapy (Lavely et al., 2004; Foskey et al., 

2005); anatomy segmentation (Collins and Evans, 1997; Frangi et al., 2003; 

Dornheimet al., 2005; Martin et al., 2008; Isgum et al., 2009; Gao et al., 

2010; Zhuang et al., 2010); computational model building (Grosland et al., 

2009) and image subtraction for contrast enhanced images (Maksimov et al., 

2009). In contrast, much less algorithms for image registration are 

nowadays available for material applications. 

A large number of software solutions have been developed, with main focus 

on medical image registration. Examples of free-open-source software 

packages include: source codes in Matlab and in C; Insight Segmentation 

and Registration Toolkit (ITK) (Ibanez et al., 2005); 3D Slicer (Gering et 

al., 1999; Pieper et al., 2004; Pieper et al., 2006); FLIRT (Jenkinson and 

Smith, 2001); source code in Elastix (Klein et al., 2010). Both 3D Slicer and 

Elastix are based on the ITK library.  

In this thesis, we propose a method to detect and quantify local 

deformations in the cellular tissues using a non-affine registration model. 
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This type of registration employs a Free-Form Deformation (FFD) model 

based on B-splines (Rueckert et al., 1999). The code developed in this thesis 

has been adapted starting from this method, and written in Matlab.  

Most of the algorithms presented in literature, such as the ones mentioned 

above, are based on the histogram of grey levels. Our idea is to combine the 

recognition of features in the material, performed with morphological 

operations, with an optimization method, in order to allow the detection of 

local deformations in complex biological materials such as cellular wood 

tissue. 

 

 

4.2 Theory of image registration  

 

Image registration is a method to map two different images, which are 

acquired with the same or different experimental setups. In image 

registration, the deformed image, also called moving image 𝐼𝑀(𝑥), is 

transformed to be aligned to the reference or original image, called fixed 

image 𝐼𝐹(𝑥). Both images have dimensions s and are defined in their spatial 

domain: Ω𝐹 ⊂ ℝ𝑑 and Ω𝑀 ⊂ ℝ𝑑 for fixed and moving images, respectively. 

In general, the transformation is defined as a mapping from the moving to 

the fixed image, i.e. 𝑇: Ω𝐹 ⊂ ℝ𝑑 ⟶ Ω𝑀 ⊂ ℝ𝑑. The transformation that 

matches  𝐼𝑀(𝑥) to 𝐼𝐹(𝑥) is defined as: 

 

𝑇(𝑥) = 𝑥 + 𝑈(𝑥)                (4.1) 

 

where 𝑈(𝑥) is the displacement that makes 𝐼𝑀(𝑥 + 𝑈(𝒙)) to be aligned to 

𝐼𝐹(𝑥). The goodness of alignment is evaluated by a distance or similarity 

measure 𝒮, such as the correlation ratio, the sum of squared differences 

(SSD), or the mutual information (MI). These techniques will be described 

in this chapter, with particular attention to the sum of squared differences.  

Commonly, registration is a problem of optimization in which a cost 

function 𝒞 has to be minimized, resulting in �̂�:  

 

�̂� = 𝑎𝑟𝑔 min𝑇  𝒞(𝑇; 𝐼𝐹 , 𝐼𝑀)              (4.2) 
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where �̂� represents the set of points of the transformation between fixed and 

moving images for which the given cost function attains its minimum value. 

The problem of the identification of the non-affine transformation 𝑇 

becomes easily ill-posed and, therefore, a regularisation or penalty term 𝒫 

constraining the transformation 𝑇 is introduced. Then the cost function is as 

follows: 

 

𝐶(𝑇; 𝐼𝐹 , 𝐼𝑀) = −𝒮(𝑇; 𝐼𝐹 , 𝐼𝑀) + 𝛾𝒫(𝑇)            (4.3) 

 

where 𝛾 weights similarity against regularity. The cost function is described 

by the similarity term when 𝛾 tends to zero. A similarity measure is a 

function that takes two input images as parameters and computes a 

numerical value that quantifies the extent to which the two images are 

similar. The regularity term 𝒫(𝑇) is designed to penalize control points 

displacements that potentially lead to naturally implausible deformations.  

 

4.2.1 Image registration on wood 

 

In general, the deformation of wood contains a non-affine component so that 

affine transformations alone are not sufficient to describe local deformations 

in wood tissues (Derome et al., 2011). Therefore, the transformation has to 

include contributions from both affine and non-affine components, or: 

 

𝑇(𝑥, 𝑦, 𝑧) = 𝑇𝑔𝑙𝑜𝑏𝑎𝑙(𝑥, 𝑦, 𝑧) + 𝑇𝑙𝑜𝑐𝑎𝑙(𝑥, 𝑦, 𝑧)               (4.4) 

 

The global transformation 𝑇𝑔𝑙𝑜𝑏𝑎𝑙(𝑥, 𝑦, 𝑧) is the affine transformation as 

described in Chapter 2. The local transformation 𝑇𝑙𝑜𝑐𝑎𝑙(𝑥, 𝑦, 𝑧) represents 

the additional term that is required in order to capture the local 

deformations. An elegant way to describe local deformations avoiding 

difficult parameterization methods has been introduced by Rueckert et al., 

1999. The model is based on B-splines and it is known as the Free Form 

Deformation (FFD) model. FFD is a technique for manipulating any shape 

in a free-form manner. Basically, an object is deformed by manipulating an 

underlying mesh of control points. This section discusses the 3D case of 

FFD.  
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Let Ω = {(𝑥, 𝑦, 𝑧)|0 ≤ 𝑥 < 𝑋, 0 ≤ 𝑦 < 𝑌, 0 ≤ 𝑧 < 𝑍} denote the volume 

domain and Π be a mesh of control points Π𝑖,𝑗,𝑘 with uniform spacing 𝛿 and 

with number of elements 𝑁 = 𝑛𝑥 × 𝑛𝑦 × 𝑛𝑧, represented schematically in 

two-dimensions in Figure 4.1.  

 

 

(a) 

 
 

(b) 

 
 
Figure 4.1: (a) A schematic two-dimensional configuration of the mesh of control 

points 𝜙𝑖,𝑗, with the image shown in light grey. (b) A magnified portion of the 

image illustrating the computation of the transformation function. (to be continued) 
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(c) 
 

 

 
 Figure 4.1: (c) An example of deformable mesh in which each point is locally 

controlled, as shown, for example, in the blue, yellow and green boxes. 

 

Figure 4.1 illustrates the way in which the transformation function is 

computed. The pixel that is transformed is shown in dark grey. The control 

points that are not considered are marked in white, while the surrounding 

control points are shown in black. The set of control points is identical for 

all pixels. The weights for each of the control points change with the 

distances u and v, as shown in Figure 4.1 b. The transformation function 

𝑇𝑙𝑜𝑐𝑎𝑙(𝑥, 𝑦, 𝑧) is written as the 3-D tensor product of 1-D cubic B-splines 

and is defined in terms of the control points Π𝑖,𝑗,𝑘: 

 

𝑇𝑙𝑜𝑐𝑎𝑙(𝑥, 𝑦, 𝑧) = ∑ ∑ ∑ 𝐵𝑙(𝑢)𝐵𝑚(𝑣)𝐵𝑛(𝑤)Π𝑖+𝑙,𝑗+𝑚,𝑘+𝑛
3
𝑛=0

3
𝑚=0

3
𝑙=0          (4.5) 

 

where 𝑖 = ⌊𝑥 𝑛𝑥⁄ ⌋ − 1, 𝑗 = ⌊𝑦 𝑛𝑦⁄ ⌋ − 1, 𝑘 = ⌊𝑧 𝑛𝑧⁄ ⌋ − 1 and where ⌊ ⌋ 

means the floor of the number (i.e. the largest integer less than or equal to 

the number). The variables 𝑢, 𝑣, 𝑤 are the fractional remainders of voxel 

coordinates between control points and represent the relative position of a 

voxel within its surrounding block of control points, see Figure 4.1 b. These 

variables are defined as: 𝑢 = 𝑥 𝑛𝑥⁄ − ⌊𝑥 𝑛𝑥⁄ ⌋, 𝑣 = 𝑦 𝑛𝑦⁄ − ⌊𝑦 𝑛𝑦⁄ ⌋ 𝑤 =

𝑧 𝑛𝑧⁄ − ⌊𝑧 𝑛𝑧⁄ ⌋. 𝐵𝑙 represents the 𝑙th, basis function of the B-spline, as 

defined below: 

 

𝐵0(𝑢) = (1 − 𝑢)3 6⁄   

𝐵1(𝑢) = (3𝑢3 − 6𝑢2 + 4) 6⁄   
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𝐵2(𝑢) = (−3𝑢3 + 3𝑢2 + 3𝑢 + 1) 6⁄   

𝐵3(𝑢) = 𝑢3 6⁄                                                                                            (4.6) 

 

The control points Π𝑖,𝑗,𝑘 are the unknown parameters of the B-spline FFB. 

The degree of the non-affine transformation depends on the resolution of the 

mesh of the control points. The spacing between the control points 

determines the level of non-affine registration, i.e. a large spacing or low 

resolution results in a more global estimation of the deformations, compared 

with a smaller spacing (higher resolution) that models highly local 

deformations. At the same time, the number of control points determines the 

number of degree of freedom and the computational complexity.  

The B-spline grid is constructed with the method of Lee et al. (1997). The 

method consists in the iterative refinement of a rough FFD grid in order to 

get a better approximation of the transformation. Let 𝑠𝑥, 𝑠𝑦 and 𝑠𝑧 be the 

object size in the three directions. The spacing between control points can 

be written as: 

 

𝛿𝑥,𝑦.𝑧 = 2𝜁𝑥,𝑦,𝑧                           (4.7) 

 

where 휁 is defined as the number of maximum iterations needed to refine 

the B-spline grid as: 

 

휁𝑥,𝑦,𝑧 = 𝑚𝑖𝑛 (log2
𝑠𝑥,𝑦,𝑧

4
)                         (4.8) 

 

4.2.1.1 Optimization problem 

 

The parameters of the global and local transformations are determined by 

solving the optimization problem, i.e. by minimising the cost function 

defined in eq. 4.3.  

Different optimization techniques can be used for the iterative alignment of 

the moving image 𝐼𝑀(𝑥) with the fixed image 𝐼𝐹(𝑥) with a certain control 

grid Φ. Three methods are mentioned: 
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- Quasi Newton Broyden-Fletcher-Goldfarb-Shanno (BFGS), which is 

a second-derivative line search method, a powerful method to solve 

unconstrained optimization problem (Shanno et al., 1970)  

- Limited-memory BFGS (L-BFGS), which approximates the BFGS 

algorithm, however using less computer memory and widely used in 

machine learning. 

- Steepest descent method, which is the simplest of the gradient 

methods. Given a function, the method approaches the minimum in a 

zig-zag way, in a direction opposite to the function gradient.  

 

In BFGS methods, as well in all quasi-Newton methods, the gradient of the 

cost function needs to be computed iteratively, until convergence is 

achieved. In the algorithm, first a search direction is looked for and then the 

function is iterated along this direction with a step length satisfying the 

Wolfe conditions. The steepest descent method is simplified to a 

minimization problem along a line and approaches the minimum in a zig-

zag manner, where the new search direction is orthogonal to the previous 

one. In regions far from the minimum, this method is more efficient than the 

others. However, it descends quite inefficiently compared to quasi-Newton 

methods closer to the minimum. More details on the optimization problems 

can be found in Ferraris et al., 2001.  

 

4.2.1.2 Penalties 

 

A penalty term is introduced in equation 4.3 to constrain the local 

transformation to be smooth. This term is described by Wahba (1990) as 

follows: 

 

𝒫(𝑇) =
1

𝑉
∫ ∫ ∫ [(

𝜕2𝑇

𝜕𝑥2)
2

+ (
𝜕2𝑇

𝜕𝑦2)
2

+ (
𝜕2𝑇

𝜕𝑧2)
2

+ 2 (
𝜕2𝑇

𝜕𝑥𝑦
)

2

+ 2 (
𝜕2𝑇

𝜕𝑥𝑧
)

2

+
𝑍

0

𝑌

0

𝑋

0

2 (
𝜕2𝑇

𝜕𝑦𝑧
)

2

] 𝑑𝑥 𝑑𝑦 𝑑𝑧                (4.9) 

 

with V denoting the volume of the image domain. We remark that the 

penalty term of a cost function is equal to zero in the case of an affine 

transform.  
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4.3 Modified FFD algorithm based on B-splines 

 

In this section, we describe the different steps in which we adapted the 

above mentioned method to better describe the non-affine deformations in 

wood tissues. 

The existing algorithm has been modified in order to improve the 

performance of the FFD for describing local deformations in complex 

materials, such as wood. An overview of the proposed method is given in 

Figure 4.2. Each step of the algorithm is described and demonstrated in an 

example in 2D, i.e. on an artificial image, in section 4.5.  

 

 
 

Figure 4.2: Flow chart of the non-affine registration algorithm adapted for 

investigating local deformations in the wood cellular tissue. 



CHAPTER 4. NON-AFFINE REGISTRATION ALGORITHM 

 

   66  
  

 
Figure 4.3: Description of the initial editing operations performed on moving and 

fixed image. 

 

Two images, the moving image 𝐼𝑀(𝑥) and the fixed image 𝐼𝐹(𝑥), are given 

as input to the algorithm. Initial operations, [Edit IF, IM] in Figure 4.3, based 

on the histogram of grey-values can be performed on these images to 

improve the performance of the non-affine registration algorithm. Among 

these operations, we mention contrast enhancement, background removal or 

image segmentation. Four segmentation methods have been already 

described in Chapter 2, section 2.5.1 (Otsu, Bernsen, region growing and 

Chan-Vese algorithm). The fixed and moving images are resized to match 

each other in size and a region of interest (ROI) is selected. These steps 

allow to perform the registration of the images without correcting initially 

the images sizes and the continuity of the deformation in the whole ROI is 

considered. 

Then, an affine registration is performed providing the global 

transformation 𝑇𝑔𝑙𝑜𝑏𝑎𝑙(𝑥, 𝑦, 𝑧). A set of initial points (generally 10) is 

manually determined on the images in order to help the affine registration 

algorithm. The choice (number and positions) of the initial points does not 

influence the performance of the registration procedure. After correction for 

affine registration, the fixed and the corrected moving images are subtracted 

to obtain the mis-registered deformations, related to places where local 

deformations occur. Based on this information, the non-affine deformations 

are obtained using non-affine registration.  

Three approaches for non-affine registration are used. A flowchart of the 

non-affine registration algorithm is given in Figure 4.4. First, two 

approaches consist in performing the registration directly on the original 

images, i.e. on the intensity of the grey values. We refer to these two 

approaches as ‘Registration 1’ and ‘Registration 2’. ‘Registration 1’ is a 
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rough and fast estimation of non-affine deformations in resized images, 

where the B-spline functions are largely constrained (increasing the weight  
of the penalty term in equation 4.3) in order to describe more the global 

deformations in the material. ‘Registration 2’ is performed directly on the 

original images with increasing the freedom of the B-spline grid, i.e. 

decreasing the weight coefficient  of the penalty. In this way, the local 

misalignment can be more easily detected, although more artefacts coming 

from the high freedom of the B-spline grid can arise. To prevent these 

artefacts problems, we finally define the local deformations by subtracting 

‘Registration 2’ from ‘Registration 1’ and the local transformation is 

calculated. However, there are cases in which these methods do not give the 

optimal solution. For this reason, we introduce a third registration technique.  

The third approach for non-affine registration is called point-based 

registration or ‘Registration P’. In this case, the input consists in a set of 

points in the two images. Different techniques for the detection of control 

points pairs in the images are used, which are referred to as manual, map, 

skeleton, harries or edges. All these techniques are described in section 

4.3.1. The initial image pairs {Π𝑖(𝐼𝐹),  Π𝑘(𝐼𝑀)}𝑖,𝑘=1…𝑛 are added, in both 

images, to the points of the artificial grids {Π𝑗(𝐺𝐹),  Π𝑙(𝐺𝑀)}𝑗,𝑙=1…𝑚. A 

polynomial or affine transformation is used to transform the artificial grid 

matching Π𝑗(𝐺𝐹) with Π𝑙(𝐺𝑀). The initial pairs or feature points in the two 

images are selected in such a way to ensure a matching between image 

features in the images using correlation. The use of different methods for 

selecting the feature points in the images, combined with the artificial grid, 

represent the key features of the algorithm, explained in section 4.3.1. The 

registrations are compared two by two as follows. If the error, i.e. the 

difference between the two images after non-affine registration, given by 

‘Registration P’, called error P, is smaller than the error calculated with the 

‘Registration 2’, called error 2, then the local deformations can be estimated 

by subtracting ‘Registration P’ from ‘Registration 1’, where ‘Registration P’ 

detects the local deformations but, again, may be affected by artefacts due to 

the freedom of the B-spline grid. To avoid this problem, we proceed as for 

‘Registration 2’, i.e. we define the local deformations by subtracting the 

displacement field calculated with ‘Registration P’ from the displacement 

field obtained with ‘Registration 1’. If error P is bigger than error 2, 

‘Registration 2’ is considered for the final calculation of the local 
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deformations and non-affine strains.  This step ensures the selection of the 

best non-affine registration method for each case study. Once the 

optimization problem is solved by minimization of the cost function, the 

displacement field is determined and the local strain fields are evaluated and 

plotted.  

The algorithm runs for a stack of images in a loop, performing a 2D 

registration image by image. The 2D approximation is valid in this case 

study, considering that the deformations of spruce wood along the 

longitudinal direction are negligible. This approach assumes that the local 

deformations in one direction are very precisely estimated (better than the 

voxel size) by the global affine. 

transformation. For each registration step (i.e., ‘Registration 1’, 

‘Registration 2’ and ‘Registration P’), the non-affine (n.a.) strain fields are 

calculated from the gradient of the displacement field (𝑈𝑥, 𝑈𝑦) in each 

direction (휀𝑛.𝑎.𝑥
, 휀𝑛.𝑎.𝑥𝑦

, 휀𝑛.𝑎.𝑦
) and the equivalent strain is calculated using 

the von Mises relationship (von Mises, 1913). 

 

휀𝑛.𝑎. = √휀𝑛.𝑎.𝑥
2 + 2 × 휀𝑛.𝑎.𝑥𝑦

2 + 휀𝑛.𝑎.𝑦
2             (4.10) 

 

The defined equivalent strain is a qualitative analysis to describe the 

deformation intensity in wood. 

More details on strain tensors calculation can be found in Abd-Elmoniem et 

al., 2009.  

Comparing three types of non-affine registration, i.e. ‘Registration 1’, 

‘Registration 2’ and ‘Registration P’, we note the following. ‘Registration 1’ 

includes more constraints on the B-spline grid, thus performs a more global 

registration. ‘Registration 2’ and ‘Registration P’ give more freedom to the 

B-spline functions, thus allow the detection of more local features. Finally, 

the local deformations and strain fields are calculated as explained in Figure 

4.4. 
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Figure 4.4: Overview of the non-affine registration algorithm with the three 

methods described in the text. 

 

In order to make the algorithm easy and directly accessible, a graphical user 

interface (GUI) is created and a snapshot is given in Figure 4.5. Additional 

details on the parameters of the algorithm are given in the caption of the 

figure. 
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Figure 4.5: Graphical user interface (GUI) of the non-affine registration 

algorithm
i
.  
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4.3.1 Key feature 1: acquire points in two images and correlate 

 

The original FFD method allows introducing feature points, also called 

control points pairs, on the fixed and moving images by selecting them 

manually. If the region of interest is big or the algorithm needs to run for 

different image sequences, it is favourable to use automatic methods of 

selection of points on similar features in the two images. We introduce four 

types of morphological selection methods (see Figure 4.7): 

 

- ‘Map’ is a simple procedure of tracking the borders of features using 

binary images and giving the coordinates of the borders as output. 

 

- ‘Skeleton’ follows a skeletonization procedure consisting in the 

extraction of a region-based shape feature which represents the 

general structure of an object. 

 

- ‘Harris’ is a method for calculating and displaying the feature points 

as Harris corners (Harries and Stephen, 1988). The Harris corner 

detector is a powerful tool due to its invariance to rotation, scale, 

illumination variation and image noise. It is a procedure to calculate 
                                                           
i
Details of the GUI in Figure 4.5. In ‘file’, the two images, base and input, can be read together as a ‘.mat’ file 

containing the two image matrices or uploaded separately in their respective boxes. The whole stack can be loaded 

directly from the button ‘Load Results’. The images’ or volumes’ dimensions are indicated in the ‘Images’ box. In 
case of a stack, the image slice used for testing the parameters of the registration can be selected in ‘TestSlice’. In 

the ‘Options’, ‘Test’ allows the implementation of a first rough fast registration based on the intensity of grey 

values for testing the initial parameters. In case the parameters are corrected, one can do all the calculations and 
save the images. Otherwise, it is possible to continue only with intensity-based registration choosing new 

parameters, ‘do first’. In the RefROI box, the initial ROI and the initial landmarks on the two images are selected 

for affine registration. The dialog box ‘parameter for image reg’ contains the general parameters for non-affine 
registration chosen in this step. In particular, ‘HessUpdate’ represents the optimization problem and it contains the 

three options: BFGS, L-BFGS, steepest descend method. ‘GoalExactAchieve’ is the minimization loop, where two 

methods are available. ‘GradObj’ calculate the errors of the B-spline functions for each step as gradient (‘on’) or 
as a finite difference (‘off’). ‘Step’ defines the step size in the direction of the gradient in the line search method; 

‘centralgrad’ is set to 1 when the error function is calculated as gradient or to 0 when finite difference. The box 

‘Parameter for first Reg Ref1’ defines the parameters for ‘Registration 1’. The images are resized ‘FirstSize’ to run 
the first registration faster. ‘PStrength’ is set to high values when the registration is based on the initial landmarks, 

manually selected; in contrast, it is chosen as a small value when the registration is based mostly on the intensity 

of the histograms. The ‘Penalty’ is the coefficient in equation 4.3. ‘MaxRef’ is equivalent to 휁. ‘MaxIter’ defines 

the number of iterations. ‘TolX’ and ‘TolY’ are the termination tolerances on the function coefficients in x and y 

directions.  ‘TolFun’ is the termination tolerance on the function value. Similar options in ‘Parameters for Image 

Reg Ref2’, referred to ‘Registration 2’. In this case, the grid space can be manually selected. In ‘Parameters for 

Pointreg RefP’, the main options are: method for features extraction and method for image binarization. Finally, 
before running the algorithm, click on ‘SetOptions’ and then on ‘Save Results’. 
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the local changes in an image by moving the feature point by a small 

amount in different directions. The corners are defined as image 

locations that have large intensity changes in more than one 

direction. The intensity change (ΔI) along some directions can be 

quantified by the sum of squared-difference (SSD): 

 

ΔI(�̌�, 𝑣) = ∑ (𝐼(𝑖̌ + �̌�, 𝑗̌ + 𝑣) − 𝐼(𝑖̌, 𝑗̌))2
�̌�,�̌�          (4.11) 

 

with (�̌�, 𝑣) representing a shift between the two positions. If �̌� and 𝑣 

are very small, the use of a Taylor approximation is valid: 

 

𝐼(𝑖̌ + �̌�, 𝑗̌ + 𝑣) ≈ 𝐼(𝑖̌, 𝑗̌) + 𝐼𝑥�̌� + 𝐼𝑦𝑣                     (4.12) 

 

where 𝐼𝑥 =
𝜕𝐼

𝜕𝑥
 and 𝐼𝑦 =

𝜕𝐼

𝜕𝑦
. 

 

One can then calculate: 

 

(𝐼(𝑖̌ + �̌�, 𝑗̌ + 𝑣) − 𝐼(𝑖̌, 𝑗̌))
2

≈ (𝐼(𝑖̌, 𝑗̌) + 𝐼𝑥�̌� + 𝐼𝑦𝑣 − 𝐼(𝑖̌, 𝑗̌))
2

=

(𝐼𝑥�̌� + 𝐼𝑦𝑣)
2

= (𝐼𝑥
2�̌�2 + 2𝐼𝑥𝐼𝑦�̌�𝑣 + 𝐼𝑦

2𝑣2) =

[�̌� 𝑣] [
𝐼𝑥

2 𝐼𝑥𝐼𝑦

𝐼𝑥𝐼𝑦 𝐼𝑦
2 ] [

�̌�
𝑣

]            (4.13) 

 

The intensity change in a certain direction is thus identified by: 

 

ΔI = [
𝐼𝑥

2 𝐼𝑥𝐼𝑦

𝐼𝑥𝐼𝑦 𝐼𝑦
2 ]            (4.14) 

 

Finally, the corner positions are determined. 

 

- ‘Edges’ is based on the Canny edges detection method (Canny, 

1986). This detector is a multi-step process, which reduces firstly the 

image noise with a Gaussian filter. Then, the gradient magnitude of 

the image is determined: 
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∇𝐼 = √∇𝐼𝑥
2(𝑥, 𝑦) +  ∇𝐼𝑦

2(𝑥, 𝑦),          (4.15) 

 

and the angle of the gradient: 

 

𝜃 = 𝑎𝑟𝑐𝑡𝑎𝑛 (
∇𝐼𝑥(𝑥,𝑦)

∇𝐼𝑦(𝑥,𝑦)
).           (4.16) 

 

with ∇𝐼𝑥(𝑥, 𝑦) and ∇𝐼𝑦(𝑥, 𝑦) the derivative of the image I in the x 

and y directions. 

In order to determine the edges one pixel wide, a “non-maximal 

suppression” step is applied to select only the pixels on the edge 

with the highest gradient magnitude. 

A problem that may arise is related to the risk of removing important 

parts of a connected edge during thresholding, for example in 

regions where the edge gradient magnitude fluctuates just above and 

just below the threshold. This problem is solved by using a 

hysteresis method, which consists in using two different thresholds 

𝑡ℎ𝑖𝑔ℎ and 𝑡𝑙𝑜𝑤 instead of one. Only the pixels with a value 𝑡𝑙𝑜𝑤 ≤

∇𝐼 < 𝑡ℎ𝑖𝑔ℎ are considered if they form a continuous edge line with 

pixels where ∇𝐼 > 𝑡ℎ𝑖𝑔ℎ. 

 

In our approach, we use one of these methods to detect feature points in 

both the fixed and moving image. An example of application of these 

methods is illustrated in Figure 4.7. It is important to assure that we find the 

corresponding feature coordinates in both images. For this task, a 

normalized cross-correlation function is used to adjust each pair of control 

points. The algorithm moves the position of a control point by up to 4 

pixels, in order to adjust the coordinates with an accuracy up to one tenth of 

a pixel. Then, the set of corresponding pairs is added to the nodes of the 

artificial grid, as shown in Figure 4.8.  

 

4.3.2 Key feature 2: introduction of an artificial grid 

 

An artificial grid is used to control the smoothness of the B-spline grid of 

the control points (Π𝑖,𝑗,𝑘). 
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Let 𝑠𝑥 and 𝑠𝑦 be the generic image I size in the x-y plane and 𝑝𝑥,𝑦 the 

number of points in the artificial grid in x and y directions. We assume the 

grid to be rectangular and regular. The size of a grid element is determined 

as: 

 

𝑑𝑥 = 𝑠𝑥 𝑝𝑥⁄   

𝑑𝑦 = 𝑠𝑦 𝑝𝑦⁄                (4.17) 

 

The artificial grid is initially built for the fixed image (𝐺𝐹). At this point, a 

transformation is performed on the feature points previously detected 

{Π𝑖(𝐼𝐹), Π𝑘(𝐼𝑀)}. The transformation used is generally a third order 

polynomial. An affine transformation is used when the number of pairs is 

less than ten, since three pairs is generally the minimum number required to 

fit a linear transformation, such as affine, and ten is the minimum for third 

order polynomial functions. Once the transformation is calculated, it is 

applied to the coordinates of the grid of the fixed image Π𝑗(𝐺𝐹), in order to 

find the corresponding grid nodes on the moving image Π𝑙(𝐺𝑀). Each point 

of the artificial grid is then added to the pairs of the control points in both 

images {Π𝑖(𝐼𝐹), Π𝑘(𝐼𝑀)} to obtain Π𝐹 and Π𝑀, as: 

 

{

Π𝐹 = {Π𝑖(𝐼𝐹),  Π𝑗(𝐺𝐹)} 𝑖=1…𝑛
𝑗=1…𝑚

Π𝑀 = {Π𝑘(𝐼𝑀),  Π𝑙(𝐺𝑀)}𝑘=1…𝑛
𝑙=1…𝑚

              (4.18) 
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Figure 4.6: Flow chart of the point-registration algorithm with a list of methods for point 

extraction. 

 

A graphical illustration of the flow chart for point registration, illustrating 

how the feature points are added to the artificial grid coordinates, is given in 

Figure 4.8. 

Once these two steps are performed, the non-affine registration problem can 

be solved by performing first the intensity-based methods (‘Registration 1’ 

and ‘Registration 2’) and then the point-based method (‘Registration P’). 

The two intensity-based registrations methods are the critical steps of the 

algorithm as they incorporate the initial optimisation and minimisation 

problem in a sequential loop. Further explanation of the intensity-based 

method follows in the next paragraph. 
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Figure 4.7: Example of the four methods for feature extraction on a symmetric (a) 

input image, e.g. (b) map, (c) harris, (d) skeleton and (e) edges. 
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 Figure 4.8: Graphical illustration of the different steps representing the two key-

features of non-affine registration algorithm based on points. (a) The feature points 

are  extracted on the reference and moving images. (b) An artificial grid is added 

on both images, as explained in Figure 4.6 and, finally, (c) the features points are 

summed to the nodes of the artificial grid in both, reference and moving images. 

 

 

4.3.3 Intensity-based registration 

 

4.3.3.1 Selection of options 

 

As input, the reference and the moving images are given. Some options 

have to be first chosen: landmark, similarity and transformation type. 

Landmark represents a set of initial control points, manually chosen in the 

reference and moving images, to control the initial B-spline grid. More 

specifically, if landmark is set to 0, the B-spline algorithm will start with an 

empty grid. If it is set to 1, a first grid is made by performing a point-
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registration and using the initial resulting grid. As default, landmark is set to 

0.  

Similarity is the second option, where two similarity criteria can be chosen: 

sum of squared pixel distances (SSD) or normalized mutual information 

(MI). Mutual information is based on the concept of information theory and 

expresses the amount of information that the fixed image contains about the 

moving image (Collignon et al. 1995, Viola 1995). The mutual information 

is maximized if the two images are completely aligned. However, the 

mutual information is not independent of the overlap between two images 

(Studholme et al., 1999). To avoid any dependency on the amount of image 

overlap, Studholme suggested the use of normalized mutual information 

(NMI) as a measure of image alignment: 

 

𝒮(𝑇; 𝐼𝐹, 𝐼𝑀) =
𝐻(𝐼𝐹)+𝐻(𝐼𝑀)

𝐻(𝐼𝐹,𝐼𝑀)
                  (4.19) 

 

where 𝐻(𝐼𝐹) and 𝐻(𝐼𝑀) denote the marginal entropies of 𝐼𝐹 and 𝐼𝑀. 

𝐻(𝐼𝐹, 𝐼𝑀) denotes their joint entropy, which is calculated from the joint 

histogram of 𝐼𝐹 and 𝐼𝑀. 

Firstly, similarity is evaluated by comparing the histogram of 𝐼𝐹 and 𝐼𝑀. As 

general rule, mutual information is applied if: 

 

∑|ℎ𝑖𝑠𝑡(𝐼𝑀) − ℎ𝑖𝑠𝑡(𝐼𝐹)| > 0.25            (4.20) 

 

In our study, similarity is chosen to be SSD, since the difference between 

the two histograms of grey levels (the reference and moving ones) is smaller 

than 0.25.  

Then, a three step procedure follows. The steps consist of (1) a refinement 

loop, (2) an optimization problem in which (3) a minimization loop is 

implemented, which ends when a minimum is found. Figure 4.9 describes 

the algorithm in details. 

 

4.3.3.2 Refinement loop 

 

It is common to start the registration process using images that have lower 

complexity in order to increase the chance of successful registration. The 

images are iteratively smoothed with a gaussian filter and their sizes are 



CHAPTER 4. NON-AFFINE REGISTRATION ALGORITHM 

 

   79  
  

reduced in order to make the algorithm operating faster. The Gaussian filter 

and the resizing procedure are implemented in a loop within the non-affine 

registration algorithm. Smoothing the input images is important when there 

is a considerable amount of noise or the noise pattern in the fixed and 

moving images is very different. The smoothness operation is not performed 

in the last step but the optimal transformation, as found in the previous 

iterations, is directly applied on the original image in order to obtain the 

final optimal transformation. The refinement loop ends when the number of 

iterations equals the maximum number of grid refinements 휁𝑥,𝑦,𝑧, as defined 

in equation 4.9.  

 

4.3.3.3 Optimization problem and minimization loop 

 

Rueckert et al. 1999, describe the optimization problem in terms of 
minimizing a cost function, as given in equation 4.3, where the optimization 

proceeds in several steps in order to improve the computational efficiency. 

First, the affine transformation 𝑇𝑔𝑙𝑜𝑏𝑎𝑙(𝑥, 𝑦, 𝑧) is optimized, which 

corresponds to optimizing the similarity between the two images, where the 

penalty term of the cost function in (4.9) is zero. During the subsequent 

stage, the non-affine registration parameters are optimized. In each stage, a 

simple iterative gradient descent technique is used stepping in the direction 

of the gradient vector with a certain step size. The algorithm stops when a 

local minimum of the cost function is found, given by the condition that 

‖∇𝒞‖ ≤ 𝜒 for some small positive value of 𝜒. The minimization loop based 

on the gradient descent technique is implemented within a line search 

strategy. The descent direction can be computed by various methods, as 

explained in paragraph 4.2.1.1. As line search strategy, two methods are 

available in the algorithm: the first is the simple one based on a parametric 

function; the second is a normal line search method with Wolfe conditions. 

A detailed description of line search strategy can be found in the book of 

Nocedal and Wright, 2006.  
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Figure 4.9: (a) Intensity-based registration algorithm. The inputs of the method 

and the options are specified in the grey box (b) as a subroutine of the main flow 

chart.  
 

 

4.4 Validation of the algorithm with finite element results 

 

The performance of the algorithm has been validated in 2D with an original 

fixed image IF and a moving image IM generated by a finite element 

calculation of a bending deformation, as shown in Figure 4.10a. In this 

example, we selected the steepest descend method to solve the optimization 

problem, since a better solution is found compared to the other two methods 

of optimization. Additionally, 𝛾 = 0.01 in ‘Registration 1’ and 𝛾 = 0.001 

in ‘Registration 2’. In ‘Registration P’, we selected ‘map’ as method for 

point extraction. When the algorithm finds a minimum, the refinement loop 

is ended. The error between the reference and the deformed images is 

calculated for each registration type. In this case, the error (expressed as 

number of pixels) obtained from ‘Registration P’, i.e.0.006, is smaller than 

the error calculated with ‘Registration 2’, i.e. 0.009. Therefore, ‘Registration 

P’ is chosen for the calculation of the deformation fields and of the local 

strains, as reported in Figure 4.10. 

The local strains calculated with our algorithm can be compared with the 

results of the simulation with finite element (Figure 4.11) obtained with the 

software Abaqus FEA. The results of simulation and registration algorithm 

are similar: the strains fall in the same range of value.  
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Figure 4.10: Example of application of the algorithm on an artificial image (a). The 

difference between reference and moving images is shown before registration (b), then after 

non-affine registration (c). In (d) the displacement fields in the two directions and in (e) the 

non-affine strains in the x-y plane are mapped on the reference image. 
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Figure 4.11: Strain fields plotted on the deformed image as result of finite element 

simulation, under assumption of homogeneous material. (a) The strain in x-

direction (E11) is on the left side, (b) the strain calculated in y-direction (E22) is on 

right side. 

 

It is important to note that the algorithm is implemented in 2D as most of 

the deformations in wood occur only along the tangential and radial 

directions. Therefore, before applying the non-affine registration algorithm, 

we first select a set of slices at the same plane in fixed and moving images. 

Then, we determine the optimal parameters for the three registrations 

methods, ‘Registration 1’, ‘Registration 2’ and ‘Registration P’. Finally, we 

run the algorithm in loop over the all stack of slices. 

As a further note, the validation procedure used here could be done using 

more complex images, for example, on an artificially deformed grey level 

image of wood, exploring the capacity of the registration method in the 

presence of noise. Such further parametric validation is left for future work. 

 

4.5 Conclusion 

 

The non-affine registration algorithm introduced in this work is a powerful 

tool for detecting and quantifying the non-affine deformations in complex 

biological materials, such as wood. The algorithm contains a wide range of 

tools for image analysis: in particular, morphological operations, 

segmentation and linear and non-linear transformations. This work is mainly 

focused on the implementation of a non-linear transformation based on B-

spline functions. Application of the algorithm follows in Chapters 6, 7 and 

8.   



 

 

 

 

Chapter 5 

 

Hysteresis in swelling and in sorption of 

wood 
 

 

In this chapter, wood-moisture interactions are studied at the cellular scale. 

Studies on moisture-induced deformations in wood have been described 

over the last century at the macro scale (lumber) and, recently, at the cellular 

scale with microscopy, such as reported by Murata and Masuda (2001b, a, 

2006), Gu et al. (2001), Ma and Rudolph (2006), Sakagami et al. (2007). 

The different techniques used in these works are optical microscopy, 

confocal laser scanning microscopy and environmental scanning electron 

microscopy, which are all limited to two-dimensional inspections of the 

surface of a specimen.  

We go one step further, employing a non-destructive technique to 

investigate wood tissue behaviour in different moisture states. As wood is a 

low absorbing material and swelling/shrinkage is a three-dimensional 

phenomenon, high-resolution synchrotron radiation phase-contrast X-ray 

tomographic microscopy is used for studying the cellular deformations.  

The wood samples are either earlywood and latewood tissues, of different 

porosities and cell wall thickness. At the microscale, when considering 

wood tissues with uniform density, it is possible to decouple the effects of 

the growth ring layered arrangement of denser and lighter wood tissues and 

thus to focus especially on the role of the cell geometry and the cellular 

structure on these deformations.  
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This study is combined with a dynamic vapour sorption analysis for a better 

understanding of the origin of hysteresis in wood. 

 

 

5.1 Homogeneous wood tissues 

 

The wood species studied is Norway spruce (Picea abies (L.) Karst). A 10 × 

10 × 10 mm
3
 wood cube with excellent alignment of the wood grain along 

the cutting directions is chosen to provide homogeneous specimens of 

earlywood and latewood of uniform density (porosity). From this cube in 

wet state, 0.5 mm thick slices are cut with a microtome. A razor blade is 

then used to complete the cutting under a light microscope to produce thin 

toothpick-like pins of 500 μm × 500 μm × 8 mm in the tangential, radial and 

longitudinal directions, respectively. The individual wood cells are perfectly 

aligned along the longitudinal direction of the samples and each sample is 

composed of cells of similar size, as verified by optical microscopy. We use 

a set of four samples of different density: two denser latewood samples 

(LW1 and LW2) with thick cell walls and small lumens and two earlywood 

samples (EW1 and EW2) with thin cell walls and large lumens. 

After cutting, the specimens are oven dried at 60°C. The dry samples are 

fixed vertically to a sample holder using cyanoacrylate glue and then kept in 

a desiccator in equilibrium with a salt-saturated aqueous solution, as an 

adsorption preconditioning close enough to the experimental starting point. 

For the preconditioning, we use the MgCl2 salt, yielding a relative humidity 

of 33%.  

Volume renderings of the four samples in dried state are shown in Figure 

5.1. The 3D visualizations are performed with the software for image 

analysis and visualization VG Studio MAX 2.2. 
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Figure 5.1: Volume rendered CT scans of the four wood samples with different 

porosity: (a,c) two earlywood (EW1, EW2) and (b, d) two latewood (LW1, LW2). 

 

 

5.2 Experimental work 

 

The general information on the experimental setup and the synchrotron 

radiation-based phase contrast X-ray tomographic microscopy (srPCXTM) 

can be found in Chapter 3. Information specific to this experiment follows. 

The wood samples are located inside an aluminium environmental chamber. 

During the experiments, the samples are exposed to cyclic variations in 
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relative humidity (RH) for hygroscopic loops in adsorption and in 

desorption. Samples EW1 and LW1 are exposed to five relative humidity 

steps in adsorption (25% - 50% - 65% - 75% - 85%) and four in desorption 

(75% - 65% - 50% - 25%), then two additional steps to 10% and 25%RH. 

Sample EW2 is exposed to five relative humidity steps in adsorption (15% - 

35% - 55% - 70% - 80%) and four in desorption (70% - 55% - 35% - 15%) 

and sample LW2 is conditioned to five relative humidity steps in adsorption 

(15% - 35% - 55% - 75% - 80%) and two in desorption (50% - 15%). The 

values within the brackets are the set values, the actual RH values in the 

environmental chamber are indicated in Figure 5.3. The RH conditions at 

each step are maintained long enough to ensure moisture equilibrium in the 

samples, i.e. one hour, as verified in advance by dynamic vapour sorption 

(DVS) measurements. Each experiment, including the total RH-protocol, 

lasted a total time of 12 to 16 hours. 

The tomographic measurements are performed at the TOMCAT beamline of 

the Swiss Light Source, Paul Scherrer Institute, Villigen, Switzerland. The 

photons, after interacting with the sample, are captured on a 2048×2048 

pixels CCD camera with a 14 bit dynamic range. The configuration used 

leads to a field-of-view of 720×720 m
2
 and a nominal pixel size of 0.35 

m/pixel. During our experiments, the sample-detector distance is 

approximately 30 mm, in the Fresnel zone (near field). The radiographic 

projections (generally 1024 with a 2× binning factor) are made at 

equiangular positions over a total rotation angle range of 180°. The 

exposure time for each radiographic measurement is around 75 

milliseconds. Two flat-field (no sample) and two dark-field (no X-ray beam) 

images are acquired at the beginning and end of each tomographic scan, in 

order to compensate for the non-uniformity of the beam and the presence of 

above-average noisy (‘‘warm” and/or ‘‘hot”) pixels in the CCD detector. As 

wood has a low X-ray attenuation coefficient, the phase contrast 

tomography method is used. The difference in density at the boundary 

between air and wood is the source of phase contrast, thus in the X-ray 

index of refraction. The 3D spatial distribution of the index of refraction is 

estimated by an approach based upon a modified transport of intensity 

equation (Bronnikov 2002, Groso et al. 2006), as discussed in Chapter 2. 

During our experiments, the detector is at a distance of approximately 30 

mm from the sample, in its Fresnel zone (near field). 1001 (plus two dark 
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fields and 2 flat fields) radiographic projections are made at equiangular 

positions over a total rotation angle range of 180°. After reconstruction, a 

tomographic dataset consists of 1024 radial-tangential cross section images 

(or slices) stacked at one pixel interval along the longitudinal direction. 

Each cross-section image has 1024×1024 pixels. As the mass of the sample 

is not recorded during X-ray tomography, we perform twin experiments 

using a dynamic vapour sorption instrument (VTI-SA+ Vapour Sorption 

Analyser, DVS), to obtain the actual moisture content. Thus, after the 

experiments, the samples are kept in a desiccator with desiccant (RH=0%) 

until the start of the DVS measurements. The sorption measurements are 

performed on the top portion of the tomographic samples (to exclude any 

cyanoacrylate glue) and on two additional earlywood and latewood samples, 

of similar densities, which are cut with razor blade from 2 x 2 x 2 cm
3
 wood 

cubes. During the experiments, each sample is exposed to the same 

sequence of air relative humidity steps executed for their respective 

tomography experiments, as shown in Figure 5.2.  

 

 
Figure 5.2: Hygroscopic loading protocols for the two earlywood (on the left) and 

the two latewood (on the right) samples. The values  represent the porosity of the 

samples.  

(a) (b) 

(c) (d) 
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The sequence is repeated twice. Duration of one hour for each step is 

sufficient to achieve moisture content equilibrium.  

 

 

5.3 Method of analysis 

 

The tomographic data is analysed for the determination of the porosity and 

the swelling and shrinkage strains.  

 

5.3.1 Determination of porosity 

 

The cellular porosity () can be defined as the ratio of the volume of the cell 

wall material to the volume enclosing the cell wall. Here we consider only 

the porosity due to the presence of the lumens. Thus we assume that the 

cellular wall material is solid, neglecting the porosity of the cell wall itself. 

By grey value thresholding, the tomographic datasets are transformed into 

binary datasets composed of voxels containing either cell wall material or 

air. Using the binary images, the wood volume is calculated by counting the 

number of material (white) voxels for each slice, summing up over all the 

stacked slices, and multiplying this value by the voxel size (0.343 m
3
). We 

implement here the thresholding method described in Bernsen (1986). As 

described in section 2.5.1.2, local thresholds are calculated taken into 

account neighbours and based on the pixel-wise mid-grey value, i.e. the 

mean of the maximum, Ihigh(i,j), and the minimum, Ilow(i,j), grey values 

within the local neighbour, where I(i,j) represents the pixel-wise grey value. 

If the contrast C(i,j)=Ihigh(i,j)-Ilow(i,j) is below a certain threshold, then the 

neighbour consists of only one class defined as background or foreground, 

depending on the threshold value. This thresholding yields a binarized 

image. 

 

5.3.2 Determination of principal swelling/shrinkage strains using 

affine registration 

 

Registration consists in the alignment of the moving to the reference image, 

by calculating the inverse of the transformation matrix and applying it to the 
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deformed dataset. Affine registration, as described in section 2.5.2.1, is 

performed on the four datasets in order to determine the swelling and 

shrinkage strains along the radial, tangential and longitudinal directions. In 

this chapter, we assume that the affine deformation is a good approximation 

for describing the global deformation of the volume. We consider the state 

at 15% RH as the reference state (Ii) and we calculate the deformation from 

the reference to the states at the other RHs (Ij). The transformation matrix �̅̅�, 

which includes twelve parameters describing the transformation, Eq. 2.32, is 

calculated with the software Slicer 3D (Pieper et al., 2004). Starting from 

these parameters and under the approximation of small displacement 

gradients, it is possible to calculate the principal strains along the tangential, 

radial and longitudinal directions.  

 

5.3.3 Selection of the proper region of interest (ROI) 

 

A methodology for the selection of the appropriate region of interest (ROI) 

is proposed. Given that any phenomenon should be studied at the 

appropriate representative elementary volume while the analysis of a too 

large dataset could require unnecessary long computational time, we 

perform the following analysis to select an appropriate ROI for each dataset. 

As first requirement, a ROI should exclude regions of the samples which 

present: 

- deformations due to mechanisms other than swelling and shrinkage, 

such as buckling or deformations due to razor blade cutting; 

- damages at the edges of samples; 

- cracks through samples often due to sample preparation.  

For each sample, we select three ROIs of decreasing cross-sectional 

dimensions, as shown in Figure 5.3 where ROI1 is the largest and ROI3 the 

smallest in each case. Each ROI volume consists of 1024 images along the 

longitudinal direction that are grouped into five stacks of 200 slices each, 

see Figure 5.4. The tangential, radial and longitudinal strains are calculated 

for each stack. Finally, for the obtained strains at each RH step, for each 

ROI, we determine the average strain values and the range of maximum and 

minimum values. A range is preferred to a standard deviation given that 

each dataset counts only five values.   
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Table 5.2 presents the sizes of three ROIs of each of the four samples, the 

number of wood cells, the number of rays stack and ray cells and the 

average range, also called error, on the radial and tangential strains. The ray 

stack is determined by counting the number of ray cells within each stack in 

the whole volume of interest. For each ROI, the errors, e, are given in 

adsorption and in desorption for the radial, eR, and tangential, eT, directions, 

respectively. Higher errors occur in regions which contain a larger or 

smaller number of cells, as shown in Figure 5.5. This analysis leads to 

conclude that the optimal ROI, i.e. the one with the smallest error or the 

most homogeneous behaviour, contains 20 to 50 cells. We deduce that, in 

smaller ROIs, localized cellular deformations due to the mismatch or 

restraint become more important versus the average affine deformation. For 

the continuation of the analysis, we use ROI1 for EW1 and LW1 and ROI2 

for EW2 and LW2. 
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Figure 5.3: Binarized cross-sectional slice of samples (a) EW1, (c) EW2, (b) LW1 

and (d) LW2. The white pixels correspond to wood cell wall material, the black 

ones to air. The outer region is ROI1, the middle one ROI2 and the inner one 

ROI3. 
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Figure 5.4: Example of 3D visualization of the five groups of 200 slices selected 

in the 1024-slices stacked volume in EW2. 

 

 
Table 5.1: Total number of cells and ray stacks per sample. ROIs size, number of 

cells per ROI and error, i.e. range between minimum and maximum strains, in 

adsorption and in desorption. Text in bold indicate the optimum ROI for each 

sample. 

 
 Sample EW1  Sample EW2 Sample LW1  Sample LW2  
Total cells number 

 
67 118 136 183 

Ray stacks 

 

 

6 (6-12 rays) 9 (5-10 rays) 9 (3-10 rays) 8 (3-12 rays) 

ROI 1 

size [µm2] 

 

 

210 x 140 

 

355,6 x 340,2 

 

210 x  140 

 

303,8 x 305,2  

number of cells 21 129 37 60 
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average error in 

adsorption 

 

eR= 0,031 

eT= 0,033 

eR=0,29 

eT=0,23 
eR=0,048 

eT=0,032 

eR=0,13 

eT=0,21 

average error in 

desorption 

 

 

eR=0,032 

eT=0,050 

eR=0,12 

eT=0,10 
eR=0,046 

eT=0,052 

eR=0,30 

eT=0,32 

ROI 2 

size [µm2] 

 

 

105,7 x 105,7  

 

280,7 x 249,2 

 

105,7 x 105,7  

 

235,9 x 223,3 

number of cells 

 
13 46 19 25 

average error in 

adsorption 

 

eR=0,077 

eT=0,19 
eR=0,034 

eT=0,050 

eR=0,11 

eT=0,046 
eR=0,094 

eT=0,15 

average error in 

desorption 

 

 

eR=0,17 

eT=0,14 
eR=0,041 

eT=0,085 

eR=0,10 

eT=0,054 
eR=0,045 

eT=0,20 

ROI 3 

size [µm2] 

 

 

161,7 x 77,7  

 

189 x 144,2 

 

161,7 x 77,7  

 

174,3 x 179,2 

number of cells 

 
11 15 12 11 

average error in 

adsorption 

 

eR=0,039 

eT=0,12 

eR=0,076 

eT=0,065 

eR=0,18 

eT=0,11 

eR=0,32 

eT=0,19 

average error in 

desorption 
eR=0,048 

eT=0,15 

eR=0,14 

eT=0,15 

eR=0,14 

eT=0,11 

eR=0,31 

eT=0,25 
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Figure 5.5: Average range of radial spruce (R) and tangential (T) strain variations 

in adsorption (ads) and in desorption (des) for the three ROIs for each of the four 

samples. 

 

 

5.4 Results 

 

5.4.1 Wood porosity and density 

 

The binarization of the tomographic datasets at the reference state allows the 

determination of the porosity, determined as the ratio of wood (white) 

voxels compared to total (white and black) voxels of the domain, given in 

Table 5.2. Using the density of the cell wall material, i.e. 1500 kg/m
3
 (Zillig 

2008), the density of each sample is calculated, and given in Table 5.2. The 

four samples cover a range of porosity from 45 to 78%, i.e. a density 

ranging from 330 to 825 kg/m
3
, which is representative of the density range 

found in spruce wood across the growth rings. The lighter earlywood, which 

contains larger lumen and thinner cell walls, presents the highest porosity, 

while the densest latewood consists of thick-walled cells with small lumens. 

Example of binarized slices for each sample is shown in Figure 5.3. 

(a) (b) 

(c) (d) 
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5.4.2 Swelling/shrinkage strains 

 

The swelling/shrinkage behaviour of spruce wood is documented with high-

resolution tomographic microscopy datasets. The strains are calculated for 

each dataset along the three orthotropic directions by affine registration. The 

tangential (in black) and radial (in grey) strains are given in Figure 5.6, 

while the longitudinal strain values are not presented as they are, as 

expected, less than 0.2%. The first column of the figure shows the 

swelling/shrinkage strains in tangential and radial directions of the four 

samples as a function of relative humidity, with decreasing porosity from 

top to bottom. The points are joined with a dash line in adsorption and with 

a solid line in desorption to indicate the sequence of the loading protocol 

(adsorption versus desorption). 

Considering first the maximum swelling at higher RH (i.e. the difference 

between swelling strain at maximal and minimal RH), in tangential 

direction, as also reported in Table 5.2, the samples behave similarly except 

for the highest porosity sample which shows a lower swelling strain value. 

In radial direction, the highest porosity sample swells also much less than 

the other three. However here the two middle porosity samples (64% and 

50%) swell less than the lowest porosity one (45%). The magnitude of the 

swelling strains is generally higher in tangential than in radial direction, and 

much more so for the highest porosity sample. The ratio of tangential to 

radial swelling differences is given in Table 5.2. Figure 5.7 presents the 

anisotropic swelling ratios during adsorption and desorption in function of 

porosity. It is clear the anisotropy increases with the porosity, while a quasi-

isotropic behaviour (value ~ 1) is seen for the denser sample. 

 



CHAPTER 5. HYSTERESIS IN SWELLING AND IN SORPTION OF WOOD 

 

   97  
  

 

Figure 5.6: (a) Left column, strain vs. RH during adsorption (dashed line) and 

desorption (continued line) in tangential (black lines) and radial (grey lines) 

directions for earlywood samples EW1 and EW2 and latewood samples LW1 and 

LW2. (b) Middle column, sorption curves for the four samples in moisture content 

vs. RH. (c) Right column, strain in tangential and radial directions vs. moisture 

content for the four samples. 

 

Table 5.2: Porosity, density, cell wall thickness, maximum swelling strain 

(between minimum and maximum RH) in tangential and radial directions, 

anisotropic swelling ratio of the four tissues. 

 
 Sample 

EW1 

Sample 

EW2 

Sample 

LW1 

Sample 

LW2 
Porosity [%] 78 64 50 45 

Density [kg/m3] 330 540 750 825 
Average cell wall thickness [m] 3.7 5.2 5.9 7.5 

(a) (b) (c) 
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affine,T (%) 3.1% 5.5% 4.4% 5.4% 

affine,R (%) 1% 3.2% 3.4% 5% 

Anisotropic swelling ratio 3.1 1.7 1.3 1.1 
 

 

 

 
Figure 5.7: Tangential (T) to radial (R) swelling ratios versus porosity. The line 

represents the best fit of the swelling ratio versus porosity ratio. The grey dots are 

the values of the swelling ratio, as reported in Table 5.2. The filled and the empty 

black dots are the value T/R respectively in adsorption and in desorption as 

reported in Table 5.3. 

 

5.4.3 Cell wall thickness 

 

The cell wall thickness over the whole segmented dried volumes is 

computed with the software VG Studio MAX 2.0. The analysis allows the 

evaluation of the surface area per cell wall thickness. This study allows to 

consider the role of the cell wall thickness on the anisotropic behaviour of 

wood. The cell wall thickness ranges between 3.5 m and 7.5 m in the four 

samples. The average cell walls thickness for each the sample surfaces is 

reported in Table 5.2. More details are found in the Appendix. Tissues with 

higher porosities present smaller cell wall thickness values. As a 
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consequence, the swelling ratio exponentially decreases with increasing cell 

wall thickness.   

 

5.4.4 Hysteresis of swelling/shrinkage  

 

All samples clearly show hysteresis in swelling/shrinkage strains vs relative 

humidity, except the one with highest porosity, as seen in the first column of 

Figure 5.8. We also observe that most strain-RH curves are closed loops, 

meaning that the starting and ending points of the respective adsorption and 

desorption coincides. Only the loop of sample LW2 is open, which may be 

explained by the fact that steady-state equilibrium was not achieved. 

Overall, the measurements display the expected reversibility of the sorption 

process.  

To identify where lies the origin of the observed hysteresis, sorption 

isotherms were determined using a dynamic sorption apparatus, exposing 

the samples to the same steps in relative humidity as used during the 

srPCXTM measurements. All adsorption-desorption curves display a clear 

hysteresis of moisture content versus relative humidity, as shown in the 

middle column of Figure 5.6. Going one step further, combining the two 

first columns, the radial and tangential strains are plotted in function of 

moisture content for all the samples, in the third column of Figure 5.6. In all 

plots, the swelling and shrinkage strain curves almost collapse on each 

other. Hysteresis is thus reduced, even more so in the radial direction where 

it vanishes. The plots of strain versus moisture content illustrate that, at the 

same moisture content, the swelling strains produced by the swelling of the 

cell wall is the same, either in adsorption or in desorption for latewood. 

Since the adsorbed moisture is at the origin of the cellular structure 

deformation, which results in swelling/shrinkage strains, it is logical that the 

same amount of moisture entering or exiting the cell wall material leads to 

the same deformation of the cell material. This means that the main origin of 

the hysteresis has to be sought in the sorption behaviour and not in the 

swelling, which is directly related to the change in MC. 

Moreover, we see that the strain-MC curves are quite linear over the total 

RH range with some small deviations. The slope of a linear trend line that 

fits the strain versus MC plots provides the linear swelling coefficient, , 

reported in Table 5.3. The swelling anisotropy (T/R) is then determined. 
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The results confirm the anisotropic behaviour of earlywood and the more 

isotropic behaviour of latewood. The swelling anisotropic ratios defined in 

that way coincide with the ratios obtained in Table 5.2. In homogeneous 

wood tissues, the absence of hysteresis in the swelling strains in terms of the 

moisture content indicates that the moisture content history does not play a 

role in the current deformation state. 

 
Table 5.3: Swelling coefficients derived from linear fits on strains vs. MC results. 

 

 Sample EW1 



Sample EW2 

 

Sample LW1 

 

Sample LW2 

 

 T R T R T R T R 

 (adsorption) 0.21 0.068 0.48 0.28 0.24 0.21 0.43 0.39 

 (desorption) 0.27 0.086 0.47 0.25 0.31 0.24 0.36 0.35 

T/R (ads.) 3.2 1.7 1.1 1.10 

T/R (des.) 3.2 1.9 1.3 1.0 
 

 

A way to describe the importance of hysteresis is to determine the difference 

between desorption and adsorption curve. Thus, for the data of the first and 

second columns of Figure 5.6, we calculate:  

 

𝛥𝑀𝐶 = 𝑀𝐶↓(𝑅𝐻) − 𝑀𝐶↑(𝑅𝐻),              (5.1) 

𝛥𝜀𝑎𝑓𝑓𝑖𝑛𝑒,𝑇 = 𝜀𝑎𝑓𝑓𝑖𝑛𝑒,𝑇 ↓(𝑅𝐻) − 𝜀𝑎𝑓𝑓𝑖𝑛𝑒,𝑇 ↑(𝑅𝐻),            (5.2) 

𝛥𝜀𝑎𝑓𝑓𝑖𝑛𝑒,𝑅 = 𝜀𝑎𝑓𝑓𝑖𝑛𝑒,𝑅 ↓(𝑅𝐻) − 𝜀𝑎𝑓𝑓𝑖𝑛𝑒,𝑅 ↑(𝑅𝐻),            (5.3) 

 

where MC, T, R are respectively the moisture content and the strains along 

the tangential and radial directions, while the arrows represent the 

desorption curve (↓) and the adsorption curve (↑). Then the curves are fitted 

with a second order polynomial function. Figure 5.8 shows the obtained 

values and the best-fit quadratic curves, thus the amount of hysteresis for 

sorption where RH and MC are normalized with respect to their higher 

values. We observe that the curves for the different samples with the 

different porosities follow the same trend, with a maximum at around a 

normalized relative humidity of 0.6.  In order to compare and quantify the 
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hysteresis in sorption and in swelling for the four samples, we calculate the 

area between the adsorption and desorption curves, i.e., 

 

< 𝛥𝑀𝐶 >=
∫ 𝑑𝑅 𝛥𝑀𝐶(𝑅𝐻)

𝑅2
𝑅1

∫ 𝑑𝑅
𝑅2

𝑅1

 ,               (5.4) 

< 𝛥𝜀𝑎𝑓𝑓𝑖𝑛𝑒,𝑇 >=
∫ 𝑑𝑅 𝛥𝜀𝑎𝑓𝑓𝑖𝑛𝑒,𝑇(𝑅𝐻)

𝑅2
𝑅1

∫ 𝑑𝑅
𝑅2

𝑅1

 ,              (5.5) 

< 𝛥𝜀𝑎𝑓𝑓𝑖𝑛𝑒,𝑅 >=
∫ 𝑑𝑅 𝛥𝜀𝑎𝑓𝑓𝑖𝑛𝑒,𝑅(𝑅𝐻)

𝑅2
𝑅1

∫ 𝑑𝑅
𝑅2

𝑅1

 .              (5.6) 

 

The results of this calculation are reported in Table 5.4. As seen earlier, in 

earlywood, the swelling hysteresis is bigger in tangential than in radial 

direction, while the amount of swelling hysteresis is the same in both 

directions in latewood. We may conclude that hysteresis in swelling 

increases with wood porosity, but more data is needed to confirm the 

observed trend. 

 

 
Figure 5.8: Normalized (*) moisture content differences versus normalized RH for 

the four samples. 
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Table 5.4: Area under the normalized ad- and desorption curves. 

 

 Sample EW1 



Sample EW2 

 

Sample LW1 

 

Sample LW2 

 
< 𝛥𝑀𝐶 > 1.18 1.81 1.64 1.14 

< 𝛥𝜖𝑎𝑓𝑓𝑖𝑛𝑒,𝑇 > 0.08 0.73 0.46 0.92 
< 𝛥𝜖𝑎𝑓𝑓𝑖𝑛𝑒,𝑅 > 0.02 0.42 0.43 0.95 

 

 

5.5 Discussion 
 

5.5.1 Anisotropic swelling 

 

Wood is a cellular material with a double porosity: a micro porous system of 

interconnecting cell lumens, which here is filled with moist air, and not 

participating to the swelling behaviour, and a nano-porous system of the cell 

wall material where vapour sorption is taking place. In the dry state, the cell 

wall has a porosity, although quite low, where water molecules can find 

readily available sorption sites. For further sorption to take place, i.e. above 

2-3% moisture content, the sorption of water molecules pushes the 

polymeric chains apart, resulting in an increasing porosity, which may be 

assumed to be filled by water. This moisture-induced displacement has been 

demonstrated by molecular dynamics simulations (Kulasinski et al., 2014). 

We have illustrated the swelling mechanism for four different wood tissues 

and have seen a clear dependence of anisotropy on the porosity. The wood 

sample with the highest porosity, thus consisiting of very thin cell walls, 

manifests the highest swelling anisotropy. As the cell wall is composed of a 

core, the S2 layer of varying thickness, bounded on both sides with 

restraining thin sheets, the S1 and S3 layers, it is known that thin earlywood 

cells have very little S2 material compared to the other tissues. So the 

anisotropy of highly porous wood tissue may come from a stronger presence 

(in proportion) of the corseting action of the S1 and S3 layers. Conversely, 

the quasi-isotropy of the low porosity tissues may stem from the overriding 

presence of the S2 layer. The experimental result confirms previous studies. 

Fengel and Stoll (1973) have measured the percentage of the thickness of 

the cell wall layers, showing that S2 is the thicker layer in both earlywood 

and latewood, but the two stiffer layers S1 and S3 represents a higher 
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percentage volume in earlywood than in latewood (respectively 13% and 

5% in earlywood and 9% and 3% in latewood). In Rafsanjani et al. (2013), it 

has been shown that the anisotropic swelling behaviour increases when the 

S1 and S3 layers are much stiffer than the S2 cell wall core material.  

Further, at the cellular structure level, the presence of rays lying in the radial 

direction could also explain in part the anisotropy. On one hand, Table 5.1 

shows that globally all samples have the same number of rays, although 

EW1 has less stacks.  The rays could restrain the swelling of the thin walled 

tissues. However the thicker S2 layer of the low porosity tissues results in a 

bulky tissue that could override the reinforcing effects of rays.  

To be more complete, a full discussion of the origin of anisotropy should 

also include the role of the cellular geometry and alignment, as wood 

structure is far from regular (disorder in alignment, in adjacency and in cell 

shapes) with earlywood cells that display a quasi-brick arrangement and the 

latewood cells which are more arranged like thick tubes. Simulation work 

indicates that part of the anisotropy may indeed stem from the variety of 

alignment, shape and wall thickness of the cells (Rafsanjani et al., 2012).  In 

particular, the anisotropic swelling is found to increase when the sheath 

layers are much stiffer than the cell wall core material and the geometry of 

the honeycombs approaches a brick-like arrangement. As conclusion, the 

layered configuration of the cell walls may lead to the anisotropic behaviour 

both at the cell wall and at the cellular scale and beyond. Additionally, it is 

found in Rafsanjani et al. (2012) that the swelling anisotropy in periodic 

symmetric honeycombs is larger for low porosities while the presence of 

eccentricity in the cellular structure may significantly decrease the swelling 

anisotropy. 

 

5.5.2 Linear swelling coefficients 

 

The graphs of the right column of Figure 5.6 demonstrate that a change of 

moisture content results in a proportional change in strain. The cell wall 

reconfiguration due to shrinkage and swelling is thus independent of 

moisture content history, as shown by the absence of hysteresis in these 

strain-MC curves. Swelling is almost linearly related to moisture content in 

the hygroscopic range, although the sorption curve and the dependence of 

stiffness on relative humidity are far from linear. High MC can be reached 
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due to the mechanical softening of the material, resulting in higher swelling 

strains and higher MC. 

 

5.5.3 Origin of hysteresis 

 

With the mechanism of swelling identified, we can now discuss what 

information could be obtained from the occurrence and magnitude of the 

hysteresis of moisture content versus relative humidity. For the following 

discussion, we use the chemical potential () to describe the state of energy 

of the adsorbed water molecules. The chemical potential of water molecules 

in the air is related to the logarithm of RH at a given relative humidity. The 

sorption of a water molecule on sorption site requires a certain chemical 

potential, µ0, (sorption is achieved via hydrogen bonding), where 0 refers to 

stress free conditions (free swelling). So if sorption and desorption would 

occur at µ0, it would occur at the same relative humidity of the ambient air 

and no hysteresis would be observed. This is not the case for wood cellular 

tissues. We can thus consider that the chemical potential at absorption and 

desorption is different. Our hypothesis is that internal strains/stresses 

resulting from sorption, play a role in sorption hysteresis. The sorption sites 

in the material may be considered to be stretched by the neighbouring 

sorption sites being filled by water molecules. This stretching makes it for 

the site to adsorb extra water molecules. So the chemical potential at which 

the sorption site fills depends also on the strain. The chemical potential for 

sorption can be thus written as µ = µ0 + . In reverse, desorption occurs 

only when sufficient shrinkage occurs around the sorption site to make it 

uncomfortable and make desorption desirable. The difference of forces 

induced by swelling and shrinkage is thus reflected by the difference of 

chemical potential required for ad- and desorption, which is actually the 

difference in relative humidity to obtain the same moisture content in a 

sorption loop (Guyer et al 2012). 

The presence of a hysteresis loop in the sorption isotherms is a typical 

experimental observation for hygroscopic materials. Such hysteresis can be 

understood to be the results of different mechanisms: capillary 

condensation, fluid-fluid interactions or fluid-solid interactions. Since no 

capillary condensation occurs in wood cell material, swelling of wood 
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clearly belongs to this last category, with fluid-solid interactions at the 

origin of the hysteretic swelling behaviour. 

 

 

5.6 Summary 
 

In this chapter, the hygro-mechanical properties of homogeneous wood 

tissues are investigated at cellular scales. In particular, four samples, two of 

earlywood and two of latewood, are studied. Earlywood has a more 

anisotropic behaviour compared with latewood which is, in contrast, 

isotropic. Anisotropy in wood is found to be exponentially dependent on the 

sample porosity. Additionally, the hysteretic behaviour of the four samples 

is observed in swelling and in sorption. Hysteresis disappears when the 

strains are plotted as a function of the moisture content, leading to conclude 

that hysteresis is a phenomenon related to sorption and not to swelling. In 

the next chapter, we extend our investigation to wood samples composed by 

both tissues, earlywood and latewood.  



 

 

 

 

Chapter 6 

 

Swelling of heterogeneous wood tissues 

 

This chapter documents the sorption and swelling behaviour of combined 

wood tissues bridging growth ring, consisting of late and early wood tissues 

with different porosity. The aim is to identify the couplings and interactions 

between the swelling behaviour of the two tissues. In the previous chapter, it 

was found that latewood swells more than earlywood, and that the 

swelling/shrinkage strains are in the same range along the tangential and 

radial directions in latewood, indicating that latewood can be considered as 

isotropic. For earlywood, on the contrary the swelling/shrinkage strains are 

different along the tangential and radial directions, showing an anisotropic 

behaviour. In this chapter, we study the behaviour of two samples 

combining earlywood and latewood, subjected to adsorption and desorption 

loading. Then, a similar latewood/earlywood combined sample taken from 

the sapwood of a living tree (greenwood) is subjected to drying to document 

the first desorption curve, followed by an adsorption/desorption cyclic 

loading. X-ray tomography is used as a non-destructive tool and the phase-

contrast method for volumetric reconstruction is adopted. The study is 

combined with a dynamic vapour sorption analysis. The results are analysed 

with affine and non-affine registration methods to document both affine and 

non-affine strains. 
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6.1 Experimental work 
 

The experimental work is performed with X-ray tomography using the setup 

available at the Centre for X-Ray Tomography of the Ghent University, 

Belgium, presented in section 3.1.1. The datasets are reconstructed in phase-

contrast modality with the Modified Bronnikov Algorithm (MBA), as 

presented in section 2.4.1.1. The air conditioning system for performing in-

situ experiments is described in Chapter 3 and the environmental chamber 

used in this work is illustrated in Figure 3.1c. In total, we perform three 

experiments: two combined samples scanned during moisture sorption from 

dry to wet to dry conditions and one sample imaged directly from its green 

state and, successively, subjected to cyclic hygroscopic loading. The two 

experiments are described below.  

 

6.1.1 Combined samples from dry to wet conditions 

 

Two samples of Norway spruce (Picea abies) are investigated during 

rewetting from dry steady state conditions. A 10 × 10 × 10 mm
3
 wood cube 

with excellent alignment of the wood grain along the cutting directions is 

chosen to provide wood specimens combined of earlywood and latewood. 

From this cube, 0.5 mm thick slices are cut with a microtome. A razor blade 

is then used to complete the cutting under a light microscope to produce thin 

toothpick-like pins of 500 μm × 500 μm × 8 mm in the tangential, radial and 

longitudinal directions, respectively.  

During the experiments, the samples are exposed to cyclic variations in 

relative humidity (RH) for a hygroscopic loop protocol in adsorption and in 

desorption. Specifically, the wood samples are exposed to five relative 

humidity steps in adsorption (25% - 50% - 65% - 75% - 85% RH) and five 

in desorption (85% - 75% - 65% - 50% - 25% RH). The RH conditions at 

each step are maintained long enough to ensure moisture equilibrium in the 

samples, i.e. one hour, as verified in advance by dynamic vapour sorption 

(DVS) measurements. Each experiment, including the whole RH-protocol, 

lasts a total time of approximately 20 hours. 

As experimental setup, the configuration adopted is the conventional X-ray 

tube for lab-based tomography, described in section 3.1.1, with a X-ray 

energy of 20 keV. Some parameters requiring optimization for the two 
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samples, such as source to detector distance (SDD), object to detector 

distance (SOD), field of view (FOV), are specified in Table 6.1. The 

exposure time is of 2000 ms for both samples, resulting in the time needed 

to acquire a full dataset to be 73 minutes for sample ELW1 and 91 minutes 

for ELW2. 

 
Table 6.1: Source to detector distance (SDD), object to detector distance (SOD), 

field of view (FOV) for the three combined samples. 

 

 SDD [mm] SOD [mm] FOV [pixels] 

ELW1 107.35 5.56 1002×1603 

ELW2 107.35 5.56 1102×1603 

GW 107.35 5.60 1641×1602 

 

The optical configuration adopted in this case leads to an image size of 

800.8×800.8 m
2
 along the tangential/radial cross-sections and a pixel size 

of 15 m.  

Volume renderings of the two samples in dried state are shown in Figure 

6.1. The 3D visualizations are performed with the software for image 

analysis and visualization VG Studio MAX 2.2.  
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Figure 6.1: Volume rendered CT scans of the two combined wood samples: (a) 

ELW1 and (b) ELW2. 

 

A main drawback of X-ray tomography is the inability to directly measure 

moisture content. In order to combine the deformations in wood due to 

hygroscopic loadings with the actual moisture content, we perform twin 

experiments using a dynamic vapour sorption instrument.  

The three samples, after image acquisition, are kept in a desiccator with 

desiccant particles (RH~0%) until the start of the DVS measurements. The 

sorption measurements are performed on the top portion of the tomographic 

samples and each sample is exposed to the same sequence of air relative 

humidity steps that is executed for their respective tomography experiments. 

The sequence is repeated twice. Duration of one hour for each step is 

sufficient to achieve moisture content equilibrium. 
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6.1.2 Drying from the green state  

 

This part of the experimental work focuses on understanding the hygro-

mechanical behaviour of a wood specimen undergoing a loading protocol 

from green to dry state followed by a full hygroscopic cycle. A 500 μm × 

500 μm × 8 mm wood sample is obtained from a trunk of a Norway spruce 

tree from the campus of the Ghent University. The final cut with razor blade 

is performed in the wet state under the optical microscope to ensure an 

excellent alignment of the wood grain along the cutting directions and that 

no cracks are present in the sample. After cutting, the sample is wrapped 

into a plastic foil and then kept in a refrigerator until the start of the 

experiments, in order to maintain its initial moisture/liquid.  

The configuration parameters for the scans are given in Table 6.1. 

The environmental chamber is conditioned at the highest relative humidity 

achievable by the control system machine, e.g. at 98% RH, and kept in this 

state for 40 minutes before insertion of the wood specimen. The green wood 

specimen (GW), composed half of earlywood and half of latewood, is then 

inserted in the chamber and the first tomographic scan is performed with the 

wood sample wrapped in plastic foil. After the first scan, the foil is removed 

in order to continue the hygroscopic loop.  The loading protocol consists of 

a first desorption loop (98% - 85% - 75% - 65% -25% - 10% RH), followed 

by a full hygroscopic cycle in adsorption (10% - 25% - 65% - 85% RH) and 

in desorption (85% - 65% - 25% - 10% RH).  

Three-dimensional visualization of spruce wood in its green state is shown 

in Figure 6.2a, where the lumen is almost fully filled with water. A feature, 

common in spruce wood and called resin pocket, is observed (see Figure 

6.2b), having the form of an elongated lens amongst the cells but appearing 

empty of resin. As no resin is present in the pocket, it will not influence the 

hygro-mechanical behaviour of the sample. 
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Figure 6.2: (a) Volume rendering of green wood sample with the lumens filled 

with sap. (b) Resin pocket in green wood in dry state. 

 

 

6.2 Method of analysis 
 

The tomographic datasets are first analysed for the determination of the 

swelling and shrinkage strains with affine registration, as described in 

section 2.5.2.1. Then, three-dimensional non-affine deformations are 

analysed with the non-affine registration algorithm described in Chapter 4. 

A further analysis is performed in this investigation, based on segmentation 

and morphological operations, in order to highlight the role of rays on wood 

behaviour. The procedure for isolating the ray cells from the cell wall of 

wood is explained next. 

 
6.2.1 Ray cells in wood cell wall 

 

The ray cells are segmented from the longitudinal/tracheid cells of the 

datasets in order to document their position within the specimen. This 

information is taken into account in the investigation of the influence of ray 
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cells on the swelling/shrinkage behaviour of wood performed with non-

affine analysis. The procedure of ray segmentation is performed with the 

software for image analysis and visualization Avizo Fire 8.1 and the main 

steps are illustrated in Figure 6.3. After volume rendering, an interactive 

thresholding method (Bankman, 2008) is used to segment lumens/voids and 

wood cell wall (Figure 6.3b). Then, an analysis to determine the orientations 

of lumens is performed. As rays are almost perpendicularly oriented to the 

tracheids, a filter based on orientation is applied to separate rays from 

lumens. Morphological operations of dilation and erosion are performed on 

the ray cells to determine the thickness of ray cell walls. Finally, a 

subtraction between the internal tubes of the segmented rays (in Figure 6.3c) 

and the same tubes after dilation is applied to extract the cell wall of the ray 

cells (Figure 6.3d). The results can be saved as 3D tiff files to be imported 

in VG Studio MAX 2.0 for the estimation of the cell wall thickness of ray 

cells. 

 

 
Figure 6.3: Example of ray detection and segmentation. (a) The volume is 

uploaded and volume rendering is performed. (b) The voids and lumens are 

separated from the cell wall through iterative segmentation. (c) Filter analysis is 
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applied on the segmented volume to obtain only the ray tubes. (d) The cell wall 

thickness of the rays is obtained using dilation and arithmetical operations. 

 

6.2.2 Determination of swelling/shrinkage behaviour of wood cell 

wall  

 

The affine registration (section 2.5.2.1) is performed on the three datasets of 

wood in order to determine the swelling and shrinkage strains along the 

radial, tangential and longitudinal directions between a reference state and 

each subsequent state. For each sample, three regions of interest (ROIs) are 

considered, one containing both earlywood and latewood tissues, one only 

earlywood and one only latewood. Then, the non-affine registration (see 

Chapter 4) is performed in order to capture locally the deformations of the 

wood cellular structure.  

 

 

6.3 Results 

 

In this section, we first show the results obtained by applying different 

algorithms of reconstruction in order to point out the importance of using 

phase-contrast techniques for wood materials. Then, the ray cells anatomy is 

documented at the cellular level. A descriptive discussion on the 

swelling/shrinkage behaviour of wood as result from affine and non-affine 

registration methods is then carried out.  

 

6.3.1 Image reconstruction results 

 

We use Octopus (Vlassenbroeck, 2009), which is a tomographic 

reconstruction package for parallel and cone beam geometry allowing the 

optimization of the parameters for phase-contrast correction. Several 

algorithms for image reconstruction in absorption and phase-contrast 

modality are implemented.  

The reconstruction is first performed using the filtered back projection 

algorithm (FBP). Edge artefacts, background noise and low contrast are 

visible in Figure 6.4 a, where phase shift correction is not applied during 

image reconstruction. When applying phase filter to the original projections 
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by using the MBA method as described in section 2.4.1.1, the absorption 

signal is eliminated and so the signal is converted to a dataset that contains 

only information about the phase coefficient of the sample. After applying 

the phase filter to the original projection data, the filtered data can be 

reconstructed by using the standard filtered back projection algorithm. We 

notice an improvement of the quality of the images (Figure 6.4 b). 

Figure 6.4c shows the result achieved by using the Bronnikov Aided 

Correction (BAC), based on the Bronnikov approach (De Witte et al. 2009). 

In this case, the phase filter is used to correct the original projection images 

and obtain a pure absorption image, from which the attenuation coefficient 

of the object can be reconstructed.  

Figures 6.4b and c include more information on the wood cellular structure 

as the noise is removed by filtering. However, Figure 6.4c shows a reduced 

contrast in terms of material versus background, which does not facilitate 

image post-processing. 

Thus, in this work, we use the Modified Bronnikov Algorithm since it 

provides the most relevant information. After reconstruction, a bilateral 

filter is applied. It preserves the edges and reduces the noise. The filtering is 

performed in Morpho+, which is a software for image analysis developed at 

UGCT, in Belgium (Brabant et al, 2011; Boone et al., 2009). 
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Figure 6.4: Cross-sectional view and a zoom on a region of sample ELW1, where 

different methods of reconstruction are applied: a) FBP, b) MBA, c) BAC. 
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6.3.2 Ray cells in wood cell wall: anatomy 

 
The rays anatomy of the two dry samples is extracted from the datasets. We 

observe that the ray cells are randomly distributed in the two tissues, 

earlywood and latewood. The thickness distribution of the cell wall is 

represented in Figure 6.5. Typical cell wall thickness for ray cells is found 

to vary between 5 m and 6 m, compared to the average cell wall 

thickness in earlywood of 4 m and in latewood of 6 m, found in Chapter 

5. In total, 19 stacks (i.e. vertical arrays) of ray cells, composed of 2 up to 9 

rays, are found in ELW1 and the volume occupied by rays is equal to 7%. In 

ELW2, 24 stacks of ray cells are counted, each composed by 2 up to 10 rays, 

occupying the 6% of the total volume. The porosity of the tissues and the 

volume occupied by ray cells over the total volume are given in Table 6.2 

for each ROI of the two combined samples. 

 

Table 6.2: Porosity () and percentage of volume occupied by rays over the total 

sample volume (Vrays/VTOT) for each ROIs in both samples. 

 

 LW EW combined 

ELW1 ELW2 ELW1 ELW2 ELW1 ELW2 

 (%) 43 48 75 73 60 61 

Vrays/VTOT (%) 3 3.2 2 3 5 5.5 

 

It is known that rays may act as stiffeners in radial direction due to their 

orientation in that direction. Given the low stiffness of earlywood due to its 

thin cell walls, the stiffening effect of rays is much more important in 

earlywood compared to latewood, which shows a high stiffness due to its 

thick cell walls. Rays therefore contribute much more to the anisotropy in 

earlywood than in latewood. The affine and non-affine registration will 

further investigate the possible stiffening effect.  
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Figure 6.5: 3D distribution map of the rays for (a-d.1) ELW1 and for (a-d.2) ELW2 

at dry state (RH=25). The ray cells in earlywood are coloured red and blue in 

latewood; (c) the 3D ray cell wall thickness and (d) the histogram of wall thickness 

values which colours are used for the distribution map of cell wall thickness. 

 

6.3.3 Swelling/shrinkage strains 

 

The swelling/shrinkage behaviour of spruce wood combined samples of 

earlywood and latewood is documented with X-ray tomography and image 

processing. The strains are first calculated along the three orthotropic 

directions using affine registration on three regions of interest (ROIs) 
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containing earlywood, latewood and a combination of both tissues. We 

discuss the results of the two dry samples followed by our investigation on 

the greenwood specimen. 

 

6.3.3.1 Affine swelling/shrinkage strains during cycling conditions 

 

The three ROIs selected for the analysis of the two combined samples 

exposed to hygroscopic cycling from the dried state are illustrated in Figure 

6.6a and b. The porosity and number of ray cells for each ROIs are specified 

in Table 6.2. The affine tangential (𝜀𝑎𝑓𝑓𝑖𝑛𝑒,𝑇) and the radial (𝜀𝑎𝑓𝑓𝑖𝑛𝑒,𝑅) 

strains are given in Figure 6.7 for the two dry samples ELW1 and ELW2, 

while the longitudinal strain values are omitted as they are very low. Each 

point corresponds to one tomographic dataset taken at one RH and this 

value is the average of 5 values of strains calculated in 5 stacks of 200 

slices, as selected from the initial 1000 slices of the datasets. The left 

column of the figure shows the results for sample ELW1 (a – e.1) while the 

right column refers to sample ELW2 (a – e.2). Both samples present similar 

results for each ROI (EW, LW and ELW) analysed. The tangential and 

radial strains in the three regions are comparable within error bars. The 

affine swelling/shrinkage strains in the combined ROI (ELW) lie between 

the strains of LW and EW for both tangential and radial directions (Figure 

6.7a and b). In latewood, the tangential and radial strains of ELW1 are 

somewhat higher compared to the values in ELW2. Hysteresis is observable 

in sorption and in swelling (Figure 6.7 a-b). Figure 6.7 d-e shows that 

hysteresis mainly disappears when the affine strains are plotted as function 

of MC, analogously as found in chapter 5.  

We define the swelling strain difference in tangential (affine,T) and in radial 

directions (affine,R) as the swelling at 85% RH minus the swelling at 

15%RH (taken zero) and the anisotropic swelling ratio as the ratio between 

affine,T and affine,R. The results are reported in Table 6.3. The swelling 

difference is higher in latewood and lower in earlywood while the difference 

in the combined region is approximately the average between the swelling 

strains of the two homogeneous tissues of the sample.  

The anisotropic swelling ratio in earlywood (EW) is around 1.5, while for 

latewood 1.0, meaning that swelling is anisotropic in EW and isotropic in 

LW, as already found in Chapter 5. The swelling coefficients , calculated 
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from the trend line of strain versus moisture content, in ad- and desorption 

and in tangential and radial directions, are reported in Table 6.4 for both 

samples. The anisotropic swelling ratios 𝛽
𝑇

𝛽
𝑅

⁄  in Table 6.4 can be 

compared with these reported in Table 6.3 and are found to be in the same 

range.  

In Figure 6.8 we plot the anisotropic swelling ratio versus porosity, and 

observe that anisotropy, i.e. the ratio between tangential and radial swelling, 

is exponentially dependent on porosity. This result confirms the result 

obtained in the previous chapter and reported in Figure 5.8. Comparing the 

results for the single tissues (in Chapter 5, Table 5.2) with the results of the 

combined tissues (Table 6.3-4), we observe that the combined samples swell 

in general less. This reduction with 60% is attributed to the restraining effect 

of latewood on earlywood and vice-versa. Figure 6.8 gives also the swelling 

ratio for the homogeneous tissues (dashed line). We observe that the 

swelling ratio is lower for the combined tissues. This means that, due to the 

restraining effect of latewood on earlywood and vice-versa, swelling of 

combined wood becomes less anisotropic. 

 

 

 
Figure 6.6: ROIs of earlywood (blue), latewood (black) and combined (red) used 

for calculating the strains of the two dried samples and of the green sample. (a)  

ELW1 and (b) ELW2 at dry states (RH=25%), while (c) greenwood at 10% RH after 

the second desorption curve.  
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Figure 6.7: (to be continued) 
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Figure 6.7 (continued): Swelling/shrinkage behaviour of ELW1 (left) and ELW2 

(right), where the dataset at 25%RH is considered the reference state for this 

analysis. The tangential and radial strains are plotted versus RH in (a) and (b) 

respectively, while in (d) and (e) as a function of the moisture content. MC versus 

RH is shown in (c). The adsorption curve is indicated in dashed line, while the 

continued line indicates desorption. Black indicates latewood, grey combined  

early- and latewood and light grey earlywood. Each value is plotted with its 

corresponding error bar. 

 
Table 6.3: Tangential/radial swelling difference (85%RH vs 25%RH, in 

adsorption) and anisotropy for samples ELW1 and ELW2. 

 

 EW LW combined 

ELW1 ELW2 ELW1 ELW2 ELW1 ELW2 

affine,T (%) 1.1 1.3 2.1 1.7 1.4 1.5 

affine,R (%) 0.7 0.9 2.1 1.7 1.3 1.2 

Anisotropic swelling 

ratio (%) 

1.6 1.5 1.0 1.0 1.1 1.3 
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Table 6.4: Anisotropic swelling coefficients and anisotropic ratio in adsorption and 

in desorption for samples ELW1 and ELW2. 
 

 EW LW combined 

ELW1 ELW2 ELW1 ELW2 ELW1 ELW2 

ads 0.13 0.16 0.23 0.20 0.18 0.18 

des 0.16 0.15 0.23 0.22 0.19 0.20 

R,ads 0.08 0.10 0.24 0.19 0.17 0.13 

R,des 0.10 0.10 0.23 0.20 0.18 0.13 

𝛽𝑇,𝑎𝑑𝑠 𝛽𝑅,𝑎𝑑𝑠⁄  1.6 1.6 1.0 1.0 1.1 1.4 

𝛽𝑇,𝑑𝑒𝑠 𝛽𝑅,𝑑𝑒𝑠⁄  1.6 1.5 1.0 1.1 1.1 1.5 

 

 
Figure 6.8: Anisotropic swelling ratio versus porosity for the six ROIs of ELW1 

and ELW2 plotted as a continued line and compared with the anisotropic swelling 

ratios for homogeneous wood tissues (dashed line) as reported in Chapter 5.  

 

6.3.3.2 Swelling/shrinkage strains of greenwood: first desorption and 

cyclic loading 

 

Similarly to the dry wood samples, we analyse the green wood images with 

the affine registration method. For green wood, all the quantities are 
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calculated considering the state at RH=10% after the second desorption 

curve as reference state. 

Three regions of interest are investigated containing respectively pure 

latewood, pure earlywood and a region over the interface between the two 

tissues, see Figure 6.6c. The strains are calculated along the first desorption 

(Figure 6.9a and b), the first adsorption and the second desorption (Figure 

6.9c to f). Figure 6.9g shows the moisture content versus RH, as measured 

with the DVS machine, reproducing the same conditions as during the 

tomographic experiment.  

The sample starts from wet condition, i.e. 98%RH in the first desorption 

loop. The affine strains and moisture content, in the first desorption curves 

lie above the values calculated during the following cycling loading 

protocol in adsorption and desorption. For this reason, we can state that the 

first desorption curve is irreversible. In contrast, the states in first absorption 

and second desorption are reversible (closed loop).  

The tangential/radial strain difference at 85% RH between first (d1) and 

second (d2) desorption loop in green wood is reported in Table 6.5 and 

calculated as: 

 

δε𝑎𝑓𝑓𝑖𝑛𝑒 = ε𝑎𝑓𝑓𝑖𝑛𝑒d1
− ε𝑎𝑓𝑓𝑖𝑛𝑒d2

                         (6.1) 

 

This strain difference is a measure for the permanent shrinkage strains 

present in wood after first drying. The permanent shrinkage strains in 

tangential direction are around 1% after first drying, while in radial direction 

they range between 0.3 and 0.55%. 

 

It is remarkable that for greenwood, the combined tissues (ELW) display 

higher affine strains in radial direction than for both homogeneous tissues 

(EW, LW). This is in contrast with the results for the dry samples, where the 

strain values for the combined sample ELW were found to lie in between 

the results of the single tissues LW and EW. It is however important to note 

that the affine strains only represent part of the total strains. The total strains 

consist in an affine and a non-affine part. The affine strains refer to average 

volumetric strains, while the non-affine strains refer the local strains, like 

local bending and local shear deformations in the interface between the two 
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tissues. In the next section, we determine the total strains, which give a 

more detailed picture of the interaction between the EW and LW. 

 
Table 6.5: Tangential/radial strain differences between first and second desorption 

in greenwood sample. 

 

 

 

As a note, given that the initial dataset of greenwood, where the liquid fills 

also the lumens, cannot be segmented into cell wall and water, a simple 

calculation is performed to estimate the amount of water in this state. By 

binarizing the wet dataset, we found that 54% of the sample volume is either 

cell wall or water. At the next humidity step, when all the water is removed 

from the lumens, we found that 13% of the sample volume is cell wall. 

These values allow to make a very crude estimation of the liquid water 

content by volume in the lumens of around 40%. 

GreenWood  LW EW combined 

δε𝑎𝑓𝑓𝑖𝑛𝑒T
 0.98 0.93 1.08 

δε𝑎𝑓𝑓𝑖𝑛𝑒R
 0.30 0.30 0.55 
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Figure 6.9: Swelling/shrinkage affine strains (tangential on the right and radial on 

the left) of three ROIs in green wood sample. The (a) tangential and the (b) radial 
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strains are plotted versus RH for the first desorption, with the dataset at 10% RH in 

the last desorption considered as the reference state for this analysis. The strains 

calculated during the hygroscopic loop in adsorption and desorption are plotted 

along the tangential and radial directions versus RH (c-d) and versus MC (e-f).(g) 

MC vs RH in the first desorption starting from 98%RH and in the whole 

hygroscopic loop. Strains are plotted with error bars. Red curves refer to the 

combined ROI, black to LW and blue to EW. 

 

The results of the swelling difference , defined as difference between 

maximum swelling at 85%RH and the swelling at 10%RH,  and the 

anisotropic swelling ratios are summarized for green wood in Table 6.6. We 

limit the analysis to the first adsorption and second desorption loop (d2). 

Comparing the values for greenwood to those of dry wood (Table 6.3), we 

observe that the sample of greenwood shows a much higher anisotropic 

swelling behaviour: T/R of 2.1 versus 1 for LW and T/R=4 versus 1.55 for 

EW. The greenwood sample is taken from the outmost portion of the woody 

stem, named sapwood. In this region, no maturation of wood has occurred 

yet, thus leading a softer wood material than the heartwood in the inner 

region. This means that sapwood, where the greenwood sample is taken 

from, shows a much more anisotropic swelling behaviour than heartwood.  

 

 
Table 6.6: Tangential/radial swelling difference (85%RH, first and second 

desorption vs 10% RH on the second desorption) and anisotropic behaviour for 

green wood sample. 
 

 

 

6.3.4 Non-affine strains analysis 

 

The non-affine registration model is used to evaluate local events that do not 

follow the global behaviour of deformation. This analysis is performed on 

the two dry wood samples between the two extremes of a hygroscopic 

Greenwood LW EW combined 

affine,T (%) d2 1.5 1.3 1.5 

affine,R (%) d2 0.7 0.3 1.0 

Anisotropy (d2) 2.1 4.0 1.5 
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loading protocol: as reference and moving images, dry state (25% RH) and 

wet state (85% RH) are respectively taken. 200 cross-sectional slices are 

selected from the combined ROI of samples ELWd,1 and ELWd,2. For the 

greenwood sample, the wet state at 85%RH in the first desorption from 

green state is compared with the state at 10% in the second desorption for 

200 slices, also including the combined ROI. 

The criteria chosen for solving the optimization problem with the non-affine 

registration algorithm are described below. Initially, the algorithm runs on 

the resized volumes for a preliminary fast estimation. The registration 

approach based on the intensity of grey values intensity with the steepest 

descend method allows to compare the performance of the B-spline 

algorithm in two cases: the first on the resized volumes for a fast estimation 

(‘Registration 1’), where the B-spline functions are constrained to less 

freedom (=1.0E-2), while the second case, ‘Registration 2’, consists in 

giving more freedom to the functions ( =1.0E-4). Additionally, the point-

based registration algorithm (‘Registration P’) is applied with the method 

named ‘map’ for point extraction. We calculate the non-affine errors, as the 

difference due to misalignment between reference and moving images, slice 

by slice after non-affine registration. The results are reported in Figure 

6.10a. ‘Registration 2’ gives the best approximation, showing less non-

affine errors compared with ‘Registration P’. Therefore, we use 

‘Registration 2’ for calculating the non-affine displacement and strain fields, 

by subtracting the displacements obtained with ‘Registration 1’ from the 

ones calculated with ‘Registration 2’. As mentioned in Chapter 4 and above, 

‘Registration 1’ gives less freedom to the B-spline grid, describing a more 

global behaviour of wood. ‘Registration 2’ catches the local behaviour, as 

the penalty coefficient is lower. However, some artefacts in ‘Registration 2’ 

can arise due to high freedom of the B-splines. To avoid this problem, the 

difference between ‘Registration 1’ and ‘Registration 2’ is considered for 

evaluating the non-affine strains.  

As example, the resulting displacement field is plotted in Figure 6.10b for 

ELWd,1. We observes regions of positive and negative displacement for 

displacements along the x-axis (Ux) and along the y-axis (Uy). The 

directions x and y correspond to the two orthotropic directions of wood, i.e. 

tangential and radial, respectively. An interesting observation is that the 

vertical displacement field (Uy) in a region around a ray in earlywood 
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shows a strong gradient from positive to negative values. This region is 

highlighted in Figure 6.10b by a box.  

 

 
Figure 6.10: (a) Errors between reference and registered images after non-affine 

registration for each slices of the volume, using an intensity-based method for R1 

rough (grey) and R2 free (black) estimation and a point-based registration RP 

(orange). (b) Displacement fields in one slice of ELWd,1 in pixels (1 pixel=0.8 m) 

 

The affine and non-affine strain fields are mapped in 2D on the cross-

sections of the reference images. The non-affine strains are calculated as the 

gradient of the displacement field in each direction. In Figure 6.11, the total 

strain components (xx, xy, yy) are plotted, which are given by the sum of 

affine and non-affine strains. We highlight 6 regions and name them 1 to 6 

for simplicity. We observed that in tangential direction along the x-axis, 

higher total strains (xx) are located at the interface earlywood/latewood 

(EW/LW). In particular, in boxes 1 and 4, we observe negative strains (blue 

regions) in a group of earlywood (EW) cells close to the transition area. 

These negative shrinkage strains are compensated by positive swelling 

strains in latewood (LW). This means that in regions where the EW cells are 

compressed, LW cells are in tensile state. These regions of combined 

compressive/tensile stresses point to a local bending occurring in these 

zones. Radially (i.e. along the y-direction), high strain (yy) fields are found 

along the rays in the earlywood of sample ELW1 (box 2), which indicate the 

restraining effect of rays on the soft earlywood cells during moisture 

sorption. A similar effect is visible in ELW2, in the y-direction (box 3). 

Again, the regions with negative strains are accompanied by regions with 
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high positive strains. This observation could indicate to a kind of slip 

behaviour between rays and surrounding material. However, we remark that 

a full understanding of the origin of the interacting local compression/tensile 

strain regions, and the restraining effect of the rays needs a more in-depth 

analysis, e.g. by a combined numerical/experimental analysis on cellular 

scale.   

The three-dimensional renderings of the equivalent non-affine strains (𝜀𝑛.𝑎.), 

are presented in Figures 6.12-13-14 for ELWd,1, ELWd,2 and greenwood. 2D 

cross-sections at different planes among the 200 slices are also shown. It is 

important to note that the equivalent non-affine strains are determined 

according to the von Mises relationship, as specified in equation 4.10. 
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Figure 6.11: 2D map of total (affine plus non-affine) strains on the reference 

images for the three combined samples. The 6 regions discussed in the text are 

indicated. 

 

 

(a) (b) (c) 
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Figure 6.12: (a) Three-dimensional map of equivalent non-affine strains on the 

wood cell wall of sample ELWd,1 for 200 slices, as indicated in the bar. (b) Cross-

section cuts in the position indicated in red in the bar.  
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Figure 6.13: (a) Three-dimensional map of equivalent non-affine strains on the 

wood cell wall of sample ELWd,2 for 200 slices, as indicated in the bar. (b) Cross-

section cuts in the position indicated in red in the bar.  
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Figure 6.14: (a) Three-dimensional map of equivalent strains on the wood cell 

wall of green wood for 200 slices, as indicated in the bar. (b) Cross-section cuts in 

the position indicated in red in the bar.  
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Figure 6.12 shows that high values of equivalent non-affine strains occur in 

latewood cells close to the latewood/earlywood interface and close to the 

ray cells, especially in the earlywood layer. In Figure 6.13, we observe local 

regions of higher strains in a group of latewood cells surrounding ray cells. 

Greenwood shows low equivalent non-affine strains (Fig., 6.14), or a more 

affine behaviour, leading to the speculation that swelling behaviour of 

sapwood is different to swelling of heartwood due its more soft character . 

More discussion on the results follows in the next paragraph. 

 

 

6.4 Discussion  

 

6.4.1 Combined behaviour 
 

We observe that the combined samples swell in general less than the single 

tissues. Also the swelling ratio is lower for the combined tissues. This 

means that, due to the restraining effect of latewood on earlywood and vice-

versa, swelling of combined wood reduces and becomes less anisotropic. In 

the analysis of the non-affine strain components, we observed positive 

swelling strain values in latewood cells located at the interface 

latewood/earlywood and shrinkage strains in soft EW cells. This effect is 

visible in the tangential direction of wood. This means that in these regions 

of combined compressive/tensile stresses a local bending with respect to the 

interface LW/EW occurs. 

 

6.4.2 On the role of rays 
 

The analysis of rays cells show that they are randomly distributed between 

earlywood and latewood, occupying the same percentage of volume over the 

total sample volume. The ray cells seem to play an important role in making 

the displacement field less affine in the wood cell wall, especially in 

earlywood. Combining this observation with the anisotropic behaviour of 

earlywood, we can conclude that rays act as a restraint on the free swelling 

of wood. However, as the percentage of volume occupied by ray cells in 

earlywood is the same as the percentage of volume occupied by ray cells in 

latewood, we associate the fact that rays play a more important role in EW 
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than in LW to the low cell wall thickness and low stiffness of the earlywood 

cellular structure. For this reason, the ray cells, with cell wall thickness 

higher than the earlywood cell walls, play a more important role in EW than 

in LW.  

 

6.4.3 Sapwood versus heartwood 
 

We speculate that the different behaviour of the greenwood sample 

compared with dry wood is related to the position in the tree trunk where the 

sample has been obtained from, i.e. close to the bark. As no maturation 

occurs in sapwood, we can conclude that this wood is softer, thus leading to 

a different behaviour. The behaviour of greenwood seems to be more affine 

as the non-affine strain values are very low.  

The analysis of greenwood highlights an important observation related to 

the hysteretic behaviour of wood in the first desorption curve. As discussed 

in section 5.5.3, hysteresis is interpreted in terms of the accessibility of the 

hydroxyl groups in the wood to adsorbed water molecules. In the 

greenwood, the hydroxyls form hydrogen bonds with the adsorbed water 

and with other cell wall constituents. The cell wall is laid down in the fully 

swollen state. On drying, the adsorbed water is removed from the cell walls 

and the cell wall polymeric chains are drawn close together, forming new 

hydrogen bonds among themselves. Not all of these newly formed hydrogen 

bonds can be broken again during the sub-sequential adsorption and 

desorption loops. This explains why the first desorption curve lies at 

moisture content above all subsequent desorption curves.  

 

 

6.5 Conclusion 

 

This chapter extends the investigation of the hygro-mechanical behaviour of 

wood at cellular scale to samples including earlywood and latewood. The 

first part of the analysis is focused on the study of two combined samples 

subjected to hygroscopic cycle loading during tomographic scans. The 

volumes are reconstructed using the Modified Bronnikov Algorithm chosen 

for its optimal solution in getting high-quality results. The volume is divided 

in three regions of interest (ROIs), containing respectively pure latewood, 
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pure earlywood and a region on the transition zone between the two tissues. 

The combined tissues, containing both earlywood and latewood, present an 

intermediate behaviour between the two homogeneous tissues in terms of 

strains and anisotropy. Overall, the behaviour of a combined region 

approaches more the behaviour of latewood, with an anisotropic ratio 

between 1.1 and 1.3.  

The combined earlywood and latewood behaviour analysed in this chapter 

thus shows that, in general, latewood plays a major role on the growth ring 

transition regions. Anisotropy in earlywood is explained with respect to the 

restraining role of ray cells in the thinner material. This result is confirmed 

by the analysis of the non-affine strains. The volume occupied by ray cells 

is the same in latewood and in earlywood and the cell wall thickness of the 

ray cells is, in average, equal to 5.5 m. It results that the thickness of ray 

cell walls is higher compared with the typical thickness of earlywood cell 

walls (~ 4m), explaining the reason why rays restrain more the earlywood 

material compared with latewood. 

A greenwood sample is successively exposed to a full hygroscopic loading 

protocol from green to dry states and, again, in adsorption and in desorption. 

The lumen is filled with water when the sample is scanned in green state. 

However, the water leaves quickly the lumen as the sample is dried at the 

first desorption level, i.e. 85% RH. In greenwood, the material is softer than 

in dry wood, leading to a more anisotropic behaviour of both latewood and 

earlywood.  

Having examined the behaviour of earlywood and latewood in a combined 

sample, we continue in the next chapter our study on understanding the 

swelling/shrinkage behaviour of the two tissues subjected to restrained 

swelling during moisture sorption. This investigation aims at giving more 

insights on the type of non-affine strains possible in the cell wall. 



 

 

 

 

Chapter 7 

 

Micro-scale restraint for humidity-induced 

swelling  
 

 

Polymethylmethacrylate (PMMA) cubes are used to restrain the free 

swelling of wood subjected to relative humidity changes. The design and 

fabrication of the restraining device are presented in section 3.3. We use the 

device for restraining the swelling of wood during moisture sorption. The 

behaviour is captured with synchrotron X-ray phase contrast micro-

tomography. The experiments highlight the capacity of the manufactured 

device to restrain swelling of wood and induce local deformation at wood 

cell level. The global behaviour is quantified with affine registration, while 

non-affine registration is applied to probe the local deformations of 

softwood during restrained swelling.  

 

 

7.1 Introduction 

In the previous chapters, the observations of free swelling/shrinkage of 

softwood led to the conclusion that, in addition to a global swelling, local 

deformations occur within the cellular structure. These deformations should 

be even more significant when the swelling of the wood cells is subjected to 

an external restraint during hygroscopic cycles. It has been reported that 

internal strains can influence the radial and tangential swelling of wood 

(Hittmeier, 1967). In Simpson and Skaar (1968), the swelling pressure 
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during restrained swelling of red oak was measured with load cells. The 

swelling pressure is higher in tangential than in radial directions when the 

RH increases from dry to 50%RH, while the pressure is similar in the two 

directions when the RH increases from 50% to 80%RH. Most of these types 

of investigation on the mechanisms of restrained swelling of wood during 

moisture sorption are performed at the macroscale (e.g., Narayanamurti et 

al., 1954; Bolton et al., 1974; Moliński et al., 2010). Recently, 

micromechanical setups devised for tomography are developed in order to 

study the microstructure of various materials under mechanical loading. For 

example, Schneider et al. (2010) present a micro-compression device for 

bone testing and Zauner et al. (2012) a compression testing device to 

determine the cellular response of wood under mechanical loading. 

However, these systems cannot be used to expose the samples to varying 

RH conditions, due to the limitations in their designs. As few devices for 

micro-compression test set-ups are suitable for X-ray micro-tomography 

experiments under controlled RH and temperature conditions, a novel and 

simple method to restrain a microscopic piece of wood undergoing swelling 

is used in order to verify the occurrence of local deformations at cellular 

scale. 

 

 

7.2 Experimental procedure 

 

In this section, we present the procedure adopted for cutting the wood 

samples and inserting them into the PMMA cubes. Then, we introduce the 

experimental setup and protocol. The PMMA cubes are fabricated with laser 

ablation and the manufacturing of these cubes is explained in detail in 

section 3.3. 

 

7.2.1 Preparation of the wood samples 

 

The spruce wood samples (Picea Abies, L.Karst) are cut from 

20×20×20mm
3
 wood cubes into sticks of 0.5mm×0.5mm cross-section. The 

surfaces of the wood samples have to be as flat and smooth as possible, in 

order to fit in the slot of the restraining device and to be perfectly in contact 

with the cube slot’s surfaces. Laser ablation is not appropriate for the wood 
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samples preparation, since it leads to burning and material modification of 

the wood surface. Thus, the wood samples are mounted on a translational 

stage and cut by razor blade in 0.5 mm slices and then into sticks. Finally, 

the samples are manually cut along the longitudinal direction to the 

following lengths:  1mm for the 2×2×2 mm
3
 cube, 1.5mm for the 3×3×3 

mm
3
 cube and 2mm for the 4×4×4 mm

3
 cube. The samples are placed in a 

dry desiccator until placement in the restraining devices for testing.  

 

7.2.2 Mounting of the samples 

 

The wood samples, mounted in the restraining cubes, are first kept in a 

desiccator over desiccant for three days to reach dry state. After three days, 

the samples are visualized under an optical microscope in order to measure 

the size of the dry wood specimens. Then, one series of mounted samples is 

placed in an environment at 100% RH for three days and again visualized 

under the optical microscope. Figure 7.1 shows three images of the swollen 

wood samples inside the cubes captured with the optical microscope. The 

size of the samples is again measured and compared with the initial sizes of 

the dry samples. The wood samples mounted in the 2×2×2 mm
3
 and 3×3×3 

mm
3
 cubes present too much swelling, leading to the conclusion that these 

cubes do not sufficiently prevent free swelling of wood. Additional 

observations highlight the presence of roughness on the slot surface and 

presence of cracks in the 3×3×3 mm
3
 cubes, related to the pressure exerted 

by wood during swelling (Figure 7.1b). The visual comparison between the 

two states allows to conclude that the 4×4×4 mm
3
 PMMA cubes exert a 

major constraint to the free swelling of wood compared to the two smaller 

systems. Therefore, we consider only the 4×4×4 mm
3
 PMMA cubes in our 

testing program. The tangential and radial dimensions of two wood samples, 

one latewood and one earlywood, are reported in Table 7.1. These two 

samples are then inserted in two 4×4×4 mm
3
 cubes to be restrained along 

the tangential directions and their position in the cubes is optimized under 

the optical microscope. Once inserted, the samples are observed under 

optical microscope in order to examine the smoothness of the slot surfaces 

and the quality of the contact between the wood samples and the slot 

surfaces. These two samples are then kept in a desiccator at  0%RH until 

the beginning of the tomographic scan. In this work, we will refer to these 
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two samples as LWT and EWT (T stands for restraining along the tangential 

direction) During the experimental work, we will study the behaviour of two 

additional wood samples inserted inside the 4×4×4 mm
3
 cubes, one 

latewood and one earlywood, subjected to restrain along the radial direction. 

We refer to the latter ones as LWR and EWR. The preparation of LWR and 

EWR samples (razor blade cut and insertion in the cubes) is performed at the 

TOMCAT beamline with the same procedure as for samples LWT and EWT 

(previously prepared at EMPA). We did not visualize by microscopy the 

initial sizes of LWR and EWR although the dimensions are comparable with 

the slot height. As a result, during insertion, the wood samples are somehow 

squeezed in the slot, leading to initial cell deformations. In total, four 

samples are presented in this work, two latewood and two earlywood 

samples, where each sample is subjected either to tangential or radial 

restraint during moisture sorption. The specific protocol is described in the 

next paragraph. 

 

 
Figure 7.1: Photographs of three wood samples located respectively in (a) 2×2×2 

mm
3
, (b) 3×3×3 mm

3
, showing cracks and surface roughness, and (c) 4×4×4 mm

3
 

PMMA cubes, acquired by optical microscopy. 

 

 
Table 7.1: Initial dimensions of the wood samples before insertion into the cubes.  
 

Samples/ Loading direction LWT EWT 

Tangential 690 m 520 m 

Radial 600 m 460 m 
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7.2.3 Setup configuration and experimental protocol 

 

The measurements are carried out at the TOMCAT beamline of Swiss Light 

Source (SLS), Paul Scherrer Institute. The experimental setup consists of 

the synchrotron radiation X-ray tomographic microscope for image 

acquisition and an environmental chamber for conditioning the samples, as 

explained in detail in sections 3.1.2.1 and 3.2.1, respectively. The wood 

sample, prepared and located inside the restraining device, is mounted 

within an environmental chamber on a rotational stage and scanned with an 

energy of 20 keV and an exposure time of 40 ms. The detector to sample 

distance is optimized at 20 mm. A total of 1024 projections per tomographic 

scan is acquired with a standard CCD camera, PCO 2000. The microscopic 

configuration leads to a field of view (FOV) of 757×757 m
2
. We employ a 

2× binning factor, which results in radiographic images of a 1024 × 1024 

pixel effective resolution. This converts into an effective spatial resolution 

of 0.74 μm/pixel. As a note, the sample is exposed to only 40 seconds of X-

ray radiation during one scan, a main advantage of using synchrotron 

radiation X-ray tomography instead of conventional CT towards ensuring 

that the sample is not damaged, nor deformed by X-rays.  

The reconstruction is performed in two steps. First the phase shift 

introduced by the wood is retrieved using the Paganin algorithm, which is 

based on the homogenous object assumption (Paganin et al., 2002) and 

derived from the ‘transport-of-intensity equation’. This is well applicable 

for cellular wood samples, considered as homogenous objects for X-rays 

meaning that the 3D complex refractive distribution consists of only two 

components: wood and air. Under the approximation of “homogeneous” 

object, the real and the imaginary parts of the refractive index representing 

the phase shift and attenuation are proportional to each other and can be 

calculated from the images acquired at a single propagation distance, as 

explained in section 2.8. After the phase retrieval step, we used the Fourier 

based tomographic reconstruction method (Marone et al., 2012) to obtain 

the 3D volumes. 

The four wood samples, LWT, LWR, EWT and EWR, located inside the 

4×4×4 mm
3
 PMMA cubes, are exposed to relative humidity cycles from 

RH=15% to RH=85% in adsorption and desorption. Specifically, the 

experimental protocols are as follows:  
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LWT: 15 – 25 – 65 – 75 – 85 – 75 – 65 – 25 – 15% RH;  

LWR: 15 – 65 – 85 – 65 – 2% RH;  

EWT: 15 – 25 – 65 – 75 – 85 – 75 – 65 – 25 – 15% RH;  

EWR: dry – wet – dry, as the malfunction of the control system prevented 

the determination of the exact conditions in the environmental chamber. 

Each RH condition is maintained approximately for one hour before the 

acquisition of the tomographic scans in order to ensure moisture content 

equilibrium.  

A three-dimensional visualization of the four systems is presented in Figure 

7.2. Volume rendering is performed on the reconstructed datasets for the 

four samples at dry state with the image processing package Fiji (Schindelin 

J., 2012), which allows to identify the edges and the contact zones between 

the cube and the wood sample. Generally, we observe contact areas for most 

of the samples between sample and smooth slot surface. However, the radial 

earlywood sample shows a rougher slot surface than the other three systems 

although the contact between wood sample and both surfaces is still good. 

The wood samples, squeezed inside the PMMA cubes, reveal deformations 

of some cells at the edges, especially for the two latewood specimens, LWT 

and LWR. 
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Figure 7.2: Volume rendering on four datasets at 10%RH for (a) latewood in 

tangential direction, (b) earlywood in tangential direction, (c) latewood in radial 

direction and (d) earlywood in radial direction. Zoomed regions highlight where 

latewood cells at the surface of the sample are deformed due to insertion in the 

cubes.  

 

 

7.3 Results and discussion 

 

In this section, the adequacy of the PMMA device for restraining wood 

swelling is demonstrated by 2D and 3D image analysis. Then, the 
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deformations of the cellular wood tissues are further investigated and 

reported, in affine and non-affine analysis. 

 

7.3.1 Two-dimensional image analysis at the interface wood/device 

 

For this analysis, two datasets, acquired at 15% RH and 85% RH for each 

sample, are used. The main technique adopted for investigating the 2D 

swelling/shrinkage is based on the affine registration model, using the image 

analysis and visualization toolbox available in Matlab. As explained in 

previous chapters, affine registration consists in aligning two images by 

removing the global geometrical differences due to translation, rotation, 

shear and scaling. Four initial control points given as input to the algorithm 

are selected across the wood/device interface of the PMMA slot in order to 

quantify possible deformations of the cube after moisture sorption. The 

images are first analysed selecting only the PMMA regions and an affine 

registration is performed on the PMMA regions only to determine the 

displacement of the PMMA slot surfaces. The results are reported in Table 

7.2, which highlights that the deformation of the cube slot surfaces due to 

the swelling of wood from 15% RH to 85% RH is equal, in percentage, to 

0.5% of the slot height in the cube containing the LWT, 0.3% for LWR, 0.2% 

and 0.04% for EWT and EWR, respectively. The displacement of the slot 

surfaces due to the swelling of the wood sample is much higher for 

latewood, which is a stiffer material, than for earlywood.  

Figure 7.3 shows a comparison between dry and wet state of the system. 

The insertion of the wood samples into the PMMA slots provokes a collapse 

of some cells at the edges of the sample at 15% RH. The initial collapse of 

groups of cells cannot be avoided with such device. This represents the main 

drawback of the design. An alternative method would require a better wood 

sample preparation to make it fitting in size into the cube slot. However, this 

step would require laser cutting procedure, thus provoking a cell damage, or 

focused ion beam (FIB) preparation, which means longer and more difficult 

sample preparation. Adjustments could be made also on the restraining 

device design, following a similar approach as presented Zauner et al. 

(2012) but with smaller size to fit inside the environmental chamber. The 

scans at 85% RH show that the cell collapse increases during the swelling, 

as highlighted in red rectangle in Figure 7.3. We see that, as the wood 
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samples undergo sorption of water, the cells at the edges of the sample and 

in contact with the restraining surface undergo buckling. Buckling occurs in 

LW and EW tissues, but to a less extent in the bulky latewood. We remind 

that the samples were cut with a razor blade, thus, most likely, initially in 

some deformed or disturbed state due to the cutting and due to the insertion 

into the cube. Such state must facilitate the occurrence of buckling. For 

example, the group of cells highlighted in LWT shows a stack of ray cells in 

dry state, which collapse in wet state due to the restraining role of the cube 

slot. Buckling of groups of cells is observable also in EWT, LWR and EWR. 

The detailed investigation on the occurrence of local deformations and 

buckling process is performed below with non-affine registration.  

Before proceeding to sample analysis, we discuss shortly the behaviour of 

the restraining device. The wood sample exerts a pressure on the PMMA 

cube, due to the restrained swelling. We predicted by FEM simulation that 

the maximum displacement along the y-direction under the conditions of a 

cube of size 4×4×4 mm
3
 with a slot cross section of 0.5×2 mm

2
 would be 

equal to 2.8 m. The maximum displacement, measured in the experiments 

for RH=85%, is found to range between 0.22 m and 2.36 m, as reported 

in Table 7.2. This result shows the adequacy of the design of the restraining 

device.  

 
Table 7.2: Maximum increase of the height of the cube slot under the swelling 

pressure of the four samples. 
 

PMMA Samples / 

Loading direction 

Latewood Earlywood 

Absolute Percentage Absolute Percentage 

Tangential 2.36 m 0.5% 0.79 m 0.2% 

Radial 1.52 m 0.3% 0.22 m 0.04% 

 

Lacroix (2007) reported the free swelling of PMMA at 100% RH to be 

equal to 0.4% and a quasi-linear dependence of swelling with respect to RH. 

Using this value, we can estimate the swelling of PMMA from lab 

conditions of 50%RH to 85%RH equal to a strain of 0.14%. The strain 

𝜀𝑃𝑀𝑀𝐴 equals 

 

𝜀𝑃𝑀𝑀𝐴 =
Δ𝐿

𝐿0
                (7.1)  
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where Δ𝐿 is the change in height of the slot and 𝐿0 is the initial slot height 

measured at lab condition, i.e. 500 m. From eq. 7.1, it results that Δ𝐿=0.7 

m. This means that, for a displacement of 2.36 m, 1.66 m is due to the 

swelling pressure exerted by the wood sample while the remaining 

displacement is associated to swelling of the PMMA cube.  
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Figure 7.3:  (to be continued) 

(a) (b) 
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Figure 7.3 (continued): 2D cross-sectional view of wood samples inside the 

PMMA cubes, at two different RH conditions, (a)dry and (b) wet. Regions of 

interest (in red rectangles) are zoomed in.  

 

 

 

 

(a) (b) 
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7.3.2 Three-dimensional affine analysis of wood samples 

 

The four datasets are analysed in 3D in order to determine the global 

swelling/shrinkage in the tangential and radial directions. As observed 

previously, in Chapters 5 and 6, the measured longitudinal strains are very 

small and are not presented further during this analysis.  

We observe that the samples LWT and EWT show a good contact with the 

PMMA slot surface during the hygroscopic protocol in adsorption and in 

desorption, except for two RH conditions in desorption at 25% and 15% 

RH. Sample LWR shows more contact at 85% RH and then a lower level of 

contact in the other RH values. For sample EWR, unfortunately, no full 

contact with the restraining device was observed, and for this reason this 

dataset is omitted from further 3D analysis.  

We consider regions of interest (ROIs) in the centre of the wood samples 

and at the edges in contact with the PMMA cube, containing 29 up to 60 

cells(see Figure 7.4). In LWR we consider only a region in the centre due to 

the irregular contact of the sample with the device. 

We determine the porosity, the cell wall thickness and the affine 

swelling/shrinkage strains in the tangential and radial directions. The 

porosity and the average cell wall thickness are measured on the whole 

volume of the sample by using the software for image analysis and 

visualization VG Studio MAX 2.0, while the affine registration for the 

calculation of the affine strains is performed with 3D Slicer (Pieper et al. 

2004).  

 

 
 
Figure 7.4: ROIs considered for this analysis of (a) LWT, (b) LWR and (c) EWT. 

ROI 1 in blue and ROI 2 in red. 

(a) (b) (c) 
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The cellular porosity is defined as the ratio of the lumen volume to the total 

volume of the ROI. The volumes are binarized by thresholding and the cell 

wall material is considered by counting the number of white voxels from the 

binarized images. As thresholding method, we use the region growing 

algorithm, as explained in section 2.5.1.3. The criteria used is pixel 

intensity. The sample porosity varies between 54% in latewood up to 65% 

in the earlywood tissue.  

The swelling/shrinkage strains are determined by affine registration as 

explained in detail in the section 2.5.2.1. In general, a 3D affine 

transformation is a good approximation for describing the deformation 

between the two volumes, especially for the ROIs 1 in the centre of the 

samples. We have to keep in mind though that, in the ROIs 2 at the edges of 

the sample, non-affine deformations occur due to restraining of the swelling. 

We consider the state at 15% RH as the reference state. We split each 

dataset into 5 stacks of 150 slices each and register each stack, allowing to 

calculate the average strains in each direction with respective standard 

deviations. 

The results of this calculation are reported in Figure 7.5 for ROI 1. In LWT, 

we observe almost isotropy, as the radial affine strains are similar to the 

tangential ones. When latewood is restrained along the radial direction (see 

LWR sample), the radial strain becomes smaller, while the tangential strains 

are quite large, resulting in a strong anisotropy. For the earlywood sample 

EWT, we observe tangential strains similar to the radial ones, which is 

markedly different from the anisotropy seen in Chapters 5 and 6.  

In ROIs 2 shown in Figure 7.6, thus at the edge of the samples LWT and 

EWT, we observe that tangential strains are almost nil during sorption, 

remaining so during the first steps of desorption, to decrease linearly from 

65%RH and below. Thus, at the edge of the sample, we speculate that, after 

a sorption loading where free swelling was prevented, in desorption, when 

the restraining effect stops, a free shrinkage can be recovered. We note that 

the (linear) shrinkage from 65%RH is almost within the normal range of 

free shrinkage, as observed in Chapter 5, where latewood and earlywood 

samples show a range of tangential strains at 65% between 2.5% 3.5%.  

The hysteretic behaviour of wood observed in free swelling, as documented 

in Chapters 5 and 6, is almost not observed in restrained swelling (see ROIs 
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1 of LWT and EWT). We hypothesize that, due to the restraining pressure on 

the wood cells, sorption and swelling are reduced. As a consequence also, 

the displacement in adsorption and in desorption is similar and hysteresis in 

restrained swelling is reduced.  

Figure 7.5: Tangential strains (black line) and radial strains (grey line) calculated 

for ROI 1 in (a) LWT, (b) LWR and (c) EWT. Continued lines for desorption 

conditions and dashed lines for adsorption conditions. The error bars are the 

standard deviations on each measurement point. 

 

(a) (b) 

(c) 
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Figure 7.6: Tangential strains (black line) and radial strains (grey line) calculated 

for ROI 2 in (a) LWT and (b) EWT. Continued lines for desorption conditions and 

dashed lines for adsorption conditions. The error bars are the standard deviations 

on each measurement.  
 

Table 7.3 includes the maximum tangential and radial swelling strains 

(affine), i.e. considering the reference state at 15% and the moving state at 

85%, and the tangential to radial swelling ratios. The results reported in 

Table 7.3 show that the tangential to radial swelling ratios are equal to 0.8 in 

latewood sample subjected to tangential restraint and 5.3 for the latewood 

sample restrained radially. In chapter 5, this ratio for homogeneous tissues 

of similar density (50%) is around 1.3. Thus, under tangential restraint, the 

device reduces the tangential swelling, resulting in a reduction of the 

swelling ratio from 1.3 to 0.8. When the restraint is in the radial direction, 

the radial swelling is markedly hindered and the ratio augments from 1.7 to 

5.3. For the earlywood sample, the restrained swelling in tangential 

direction leads to a ratio of 2.4, which indicates a hindering of tangential 

swelling when compared to the ratio value of 1.7 reported in Chapter 5. 

The ratio in ROI 2 at the edge of LWT is 0.5, which is much lower than the 

0.8 in the centre, indicating also more restraining. ROI 2 at the edge of EWT 

shows a ratio of 0.25, compared to the 2.4 in the centre, showing the large 

constraint in tangential direction in earlywood. Thus restraining is higher at 

the edges of the samples compared to the centre regions. 

  

(a) (b) 
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Table 7.3:  Cell wall thickness and porosity of the whole sample, cells number, 

tangential/radial swelling and T/R swelling ratio of ROI 1 and ROI 2 as shown in 

Figure 7.5, for three samples. 
 

 LWT LWR EWT 

ROI 1 ROI 2 ROI 1 ROI 1 ROI 2 

Average cell wall thickness 

[m] 

7.5 6.0 5.7 

Porosity [%] 54 60 65 

Cell number 60 49 46 51 29 

Δε𝑎𝑓𝑓𝑖𝑛𝑒,𝑇 [%] 2.0 1.0 5.3 2.6 0.3 

Δε𝑎𝑓𝑓𝑖𝑛𝑒,𝑅 [%] 2.5 2.1 1.0 1.1 1.2 

Anisotropic swelling ratio 0.8 0.5 5.3 2.4 0.25 

 

To complement the 2D analysis described in the previous section, we 

performed a three-dimensional affine registration on the four PMMA cubes. 

Here, we considered the whole stack of 750 images at 15% and 85% RH 

and we cut out the regions containing the wood sample, so only the 

volumetric deformation of the PMMA cubes us described. The results are 

reported in Table 7.4. The volumetric swelling of PMMA ranges between 

0.32% and 0.55%. We conclude that the volumetric swelling of PMMA is 

negligible compared with the swelling in wood, which equals in average 

equal to 6-7%.  

 
Table 7.4:  Volumetric swelling of the four PMMA cubes under wood swelling 

pressure and hygroscopic loading. 
 

Loading direction LWT LWR EWT EWR 

Volumetric swelling [%] 0.55 0.35 0.42 0. 32 

 

7.3.3 Non-affine strain analysis 

 

The affine strains give a good approximation of the global 

swelling/shrinkage of wood samples subjected to restraint. However, the 

local deformations of wood, in particular in the regions in contact with the 

slot, are not completely described with affine registration. As an example, 

we study in detail the non-affine strains in the two samples, latewood LWT 

and earlywood EWT, subjected to restraint along the tangential direction. 
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We consider these two samples since the restrain effects are most 

significant. The PMMA cube is excluded from the region considered for this 

analysis, thus here the ROI include the full cellular wood structure between 

the slot surfaces. The comparison is done between 15% and 85%RH in 

adsorption. The optimization problem is solved with the L-BFGS criteria 

and the minimum error is found for ‘Registration 2’, and used for the 

calculation of the strains.  

The non-affine strains in x and y directions are mapped in 2D for the two 

samples in Figure 7.7. We observed that LWT presents high non-affine 

strains in the regions in contact with the restraining device. The effect is less 

visible in EWT, where only few cells are influenced by restraint. At first 

glance, we observe quite similar strains distribution in latewood and 

earlywood:  

a) Vertically oriented regions of high compressive strains, n.a.,yy, (blue 

regions) along the tangential direction which are due to the restraint 

in tangential (y-direction). 

b) Occurrence of local regions of high tensile strains, n.a.,xx, in between 

the regions of high compressive strains, indicating a bending or 

buckling deformation pattern. 

c) We observe also high strains, n.a,xx, in the not-restrained direction 

and also regions of high shear strains. This deformation pattern 

indicates a 2D behaviour, where the bending/buckling in y-direction 

is accompanied with bending/shear in the other direction. 

We zoom on three regions of interest: top (in yellow), central (in green) and 

bottom (in orange), as shown in Figure 7.8. Please note the different scale 

bars for the different regions. The equivalent non-affine strains are 

calculated with eq. 4.10. In LWT, the maximum value of 12% is found on 

the top and bottom regions. In these regions, we clearly observe buckling of 

groups of cells where the highest non-affine strains are located. In the 

central part, the non-affine strains are lower, reaching a maximum of 6%, 

only in few cells. The same cells show a high non-affine component in the 

radial plane (n.a.,xx, in Figure 7.7).  

In  EWT , most of the high non-affine strains are located in the bottom and 

central part of the sample. Most of the cell buckling in EWT occurs at the 

bottom region, reaching a peak of 8% locally. In the top region of EWT, the 

maximum non-affine strain (~12%) is only reached in one cell. This cell is 
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visible also in the comparison between dry and wet state in Figure 7.3 and 

we clearly see that this cell undergoes locally large deformation This cell 

was highly deformed during sample preparation with razor blade or by the 

insertion process. When wetting and drying, we observe a kind of shape-

memory effect on this cell (Figure 7.9). In fact, the angle that the cell forms 

with plane parallel to the PMMA slot is equal to 40° at 15%RH in 

adsorption, then it decreases to 26° during moisture sorption at 85% RH and 

goes back to 38° at 15%RH in desorption. This means that, when wetting 

again, the cell initially highly deformed by the cutting will try to regain its 

original cell shape (memory of initial shape) leading to high local non-affine 

deformation. 

Despite the fact that the contact region on the top led to a high global 

restrain of the tangential swelling, as suggested by the low affine strains in 

Figure 7.6, it seems that the pressure due to the contact is not high enough to 

provoke buckling of the cells on the top. 
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Figure 7.7: 2D map of non-affine strain components for (a) LWT and (b) EWT in 

the x-y plane. 
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Figure 7.8: 2D map of the non-affine strains in three different regions of the wood 

sample. The results are reported for (a) LWT and (b) EWT between the 15% and the 

85% RH states.  

(a) 

(b) 
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Figure 7.9: Shape-memory effect on the cell undergoing large deformations and 

highlighted in the yellow region of sample EWT. 

 

To further highlight the occurrence of moisture-induced shape-memory 

effects in wood, we consider a ROI in LWR at the outer edges of the sample 

(see blue rectangular in Figure 7.10). This region shows cells that are 

cut/damaged during the sample preparation process. These initially 

deformed cells are expected to show high non-affine deformation, indicating 

a shape memory of the original cell shape. Figure 7.10b shows the 3D map 

of the equivalent non-affine strains and a slice cut out in the middle of the 

volume. The components of the non-affine strains are mapped on the same 

slice in Figure 7.10c. In Figure 7.10b (right), we observe high equivalent 

non-affine strains in the cell walls at the outer edge. A comparison with 

Figure 7.10c shows that these strains are due to high tensile non-affine 

strains, n.a,xx, in horizontal cell walls and, to a less extent, to high tensile 

strains, n.a,yy, in vertical cell walls. These tensile strains cannot be explained 

by the restraining of the PMMA device, but only to a deformation induced 

by shape memory. We consider a possible realignment of the different 

polymers (Derome et al., 2012) to justify the phenomena.  In fact, it may be 

that during sample preparation with razor blade, initial deformations are 

induced on the sample, resulting in a warping of the stiff cellulose fibrils. 

Fibrils are less sensitive to moisture compared to the matrix, due to their 

high content in crystalline hydrophobic cellulose. Thus, it is suspected that 

fibrils can remember their original relative position and geometry. A 

“permanency” of the geometry could be embedded in the cellulose fibrils at 

the time of its synthesis by the living cells and its deposition in the external 

skeleton (Derome et al., 2012). Such hypothesis is also considered by 

Burgert et al (2009).  

As clearly observed, cell buckling phenomena are widely visible in these 

experiments. Under mechanical restraint, sorption of water leads to stresses 

(a) (b) (c) 

file:///C:/EmpaDaten/PhD%20thesis/chapter%20thesis/cap2/final/cap2/correction_dec13/Chapter%202.docx


CHAPTER 7. MICRO-SCALE RESTRAINT FOR HUMIDITY-INDUCED SWELLING 

 

   160  
  

provoking buckling. A case of buckling under radial restraint is discussed 

for a ROI in sample LWR. 

 

 

 
Figure 7.10: (a) LWR sample, dry (left) vs wet (right), with a zoom on the ROI (in 

blue) where shape-memory is observed. (b) 3D map of the equivalent non-affine 
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strains, with a slice cut out in the middle of the volume and (c) the components of 

the non-affine strains in tangential (xx) and radial (yy) directions. 

 

We already observed in LWR the buckling of a group of irregular cells 

initially deformed during insertion of the wood sample in the cube. We 

analyse now in more detail a region highlighted in the yellow box in Figure 

7.11a. In the figure, we report the equivalent non-affine strains and their 

strains components. We observe high values of non-affine strain (~8%) in 

two regions, for which buckling is highlighted in Figure 7.12a. The 

observed buckling accords well with the typical buckling mode of regular 

periodic honeycomb structure under radial restrain as reported in Derome et 

al. (2012). This buckling mode is characteristic for honeycomb structures 

subjected to axial compressive stresses as shown in Figure 7.12b.  
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Figure 7.11: (a) LWR sample, dry (left) vs wet (right), with a zoom on the ROI (in 

blue) where buckling is observed. (b) 3D map of the equivalent non-affine strains, 

with a slice cut out in the middle of the volume and (c) the components of the non-

affine strains in tangential (xx) and radial (yy) directions. 
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Figure 7.12: Sample LWR: (a) Superposition between dry state at 15%RH (in red) 

and wet state at 85%RH (in grey), showing buckling under radial restraint. The 

cells undergoing buckling are highlighted in green for dry and in blue for wet 

states. (b) Schematic representation of typical buckling of a regular periodic 

honeycomb structure under radial restraint (from Derome et al., 2012). 
 

 

7.4 Conclusion 

 

In this chapter, we showed that the restraining device successfully prevents 

the free swelling of wood during moisture adsorption, thus modifying 

significantly the amount of swelling and its anisotropy. This restraining 

experiment is also appropriate for characterizing localized non-affine 

deformations in the wood cells, such as cell wall buckling. Studying one cell 

undergoing large deformation during moisture sorption, we observe that this 

cell, which was initially highly deformed due to the sample preparation 

process, recovers its original shape when wetting. This regaining of cell 

shape after wetting is referred to as moisture-induced shape memory, and is 

an effect that is known in biological materials. The experimental approach 
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presented in this chapter, together with the results of Chapters 5 and 6, leads 

to a basic understanding of the swelling behaviour of cellular wood in 

response to environmental stimuli.  However, to still better understand 

swelling, a further downscaling of our experimental approach will be 

fruitful for setting up a complete integrated approach. We investigate sub-

cellular features of the cell wall material in Chapter 8.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

Chapter 8 
 

Hygroscopic swelling and shrinkage of 

bordered pits and middle lamella probed 

by phase-contrast nano-tomography  

 

 

This work documents the capacity of synchrotron radiation-based phase-

contrast X-ray tomographic nanoscopy to capture ultra-structural features in 

the wood cell wall undergoing changes in moisture content. The 

investigation is mainly focused on two features of the wood cell wall: 

bordered pits and middle lamella material. In the introductive part, first a 

literature review is presented, followed by a detailed description of the 

sample preparation. Then we document the in-situ nano-tomographic 

experiments and finish with a discussion on the relevance of studying these 

specific singularities of the wood cell wall. 

 

 

8.1 Introduction 
 

On bordered pits 

 

We describe the anatomy of bordered pits and the function of these valves in 

trees. Bordered pits are most interesting features in softwood, which control 

the transport of water between cells. Bordered pits are passages through the 

cell walls of xylem conduits (vessels and tracheids) formed by a separation 
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between the secondary walls from the compound middle lamella. The entry 

opening has a diameter of 3-7 m and is called the porus or pit aperture. In 

the central plane, a membrane spans the pit chamber, which thick centre is 

called the torus (diameter 5-10 m, thickness 100 to 500 nm depending on 

the species), while the thin remaining part is called the margo. Figure 8.1 

shows the internal structure of a bordered pit and visualises the pit after 

aspiration. Bordered pits in Picea tracheids are larger and more abundant in 

earlywood than in latewood (Koran, 1974). In Picea mariana tracheids, 

bordered pits have a diameter of 16.4 μm in earlywood, while in latewood 

they have only a small diameter of 6.1 μm (Koran, 1974).  

Furthermore, studies on permeability in living wood highlighted that after 

air drying, the water permeability decreases with 1-3 % with respect to its 

initial value (Erickson and Crawfort, 1959). Such large changes of 

permeability are of great importance in wood preservation and in studies of 

water conduction in the living tree. Drying wood generally causes the torus 

to be displaced coming into contact with one of the pit borders. This 

phenomenon is referred to as pit aspiration. Pit aspiration provokes the 

closing of the pit; the pit membrane and the torus move across one side of 

the pit aperture to seal it and prevent the fluid flow through the pit, as shown 

in Figure 8.1, (Petty, 1972). 

 

 
Figure 8.1: (a) Representation of an earlywood bordered pit in section transverse 

to the pit membrane. On the left, (A) Un-aspirated situation, (B) Aspiration of a 

bordered pit during drying, i.e. the torus is pulled across the pit chamber by surface 

tension forces. On the right, typical earlywood bordered pit: 1 tracheid wall 
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(secondary wall), 2 middle lamella (and primary wall), 3 margo strands, 4 torus, 5 

pit aperture, 6 pit chamber (from Petty, 1970). (b) Scanning electron microscope 

image of a pit membrane, showing the torus and margo of conifer tracheids 

(Pittermann et al., 2005). 

 

Liese and Bauch (1967) studied the structure of bordered pits in earlywood 

and latewood tracheids of conifers and the pits aspiration process using a 

microscope and permeability studies. The results show a linear dependence 

of the pit closure on the membrane structure (e.g., thickness and shape) in 

species like Pinus and Picea. The number of pits per tracheids varies from 

50 to 300 in earlywood with only 10 to 50 rather small bordered pits in 

latewood (Stamm, 1970), meaning that the permeability of latewood 

specimens is higher than in earlywood for seasoned wood while it is lower 

in green wood (Petty and Preston, 1969). Although very detailed anatomical 

statistical studies of bordered pits with respect to their function are existing 

(e.g. Domec et al., 2006), the techniques used, i.e. electron microscope 

combined with permeability, are invasive and two-dimensional. The main 

findings of these studies reveal the anatomical structures of bordered pits in 

different species and their role in controlling water flow. Fujii et al. (2001), 

for example, revealed that the sizes of the openings between the margo 

strands are likely to be the hydraulic bottleneck controlling water flow 

between tracheids because water must move laterally through the 

membrane. However, the need for a three-dimensional mapping in order to 

better understand the pit function in the context of wood complex vascular 

network has been highlighted by Choat et al (2006). Additionally, little is 

known on the geometrical changes of bordered pits during moisture 

adsorption/desorption. In this work, we document in 3D the hygro-

mechanical behaviour of two bordered pits and we highlight the capacity of 

synchrotron-radiation nano-tomography to document in-situ the hygroscopic 

behaviour of such small features in the complex cellular structure of wood.  

 

On middle lamella 

 

The middle lamella (ML) is a layer that glues the wood cells together. 

Contrary to the cell wall, especially its thickest layer S2, the middle layer is 

free of cellulose. The transition from the middle lamella to the adjacent cell 
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wall layers is not clearly visible in microscopic sections; hence in 

anatomical studies ML is often combined with the primary cell wall and is 

referred to as the compound middle lamella (CML). The volume fraction of 

the compound middle lamella in coniferous wood is ca. 10-12% of the 

woody tissue volume (Fergus et a1., 1969). The middle lamella is largely 

isotropic and appears homogeneous under scanning electron microscope. It 

is composed of an amorphous matrix of pectin with a high concentration of 

lignin. Cell wall corners of spruce wood are highly lignified (e.g., Downes 

et al., 199l; Wimmer and McLauglin, 1996), as is the compound middle 

lamella (Fergus et al., 1969). Pectin is the ultra-adhesive constituent of the 

middle lamella which role is to connect neighbouring cells to one other. 

Moreover, due to its amorphous structure and lack of cellulose, ML appears 

dark without exhibiting birefringence under polarized light. The thickness of 

the middle lamella ranges from a few tenths of a micrometre up to 5 μm in 

the cell-wall corners (Skyba, 2008). Due to its small thickness and lack of 

cellulose, the structure and mechanical behaviour of the interface between 

two adjoining tracheids have been ignored for years. A recent study of 

Raghavan et al. (2012) aimed at investigating the deformation and failure 

mechanisms of double cell walls consisting of compound middle lamella, 

S1, and S2 layers. In-situ SEM compression tests were performed on a 3 m 

thick pillar fabricated with focused ion beam (FIB) to study its mechanics 

and deformations response. Lower strength and stiffness values compared to 

the secondary cell wall were obtained in the compound middle lamella. 

Failure was found to occur at the interface between the S1 and S2 layer. 

Cracks were observed at the S1-S2 interface, whereas the CML remained 

crack free. This observation suggested that the CML has more resistance to 

cracking than the individual cell walls. However, local deformations in 

wood seem to be strongly dependent on the middle lamella. In fact, a 

relaxation mechanism in the matrix between the cellulose fibrils, inducing 

irreversible deformations in spruce wood, has been observed by in-situ 

synchrotron micro-focus experiment on a wet wood foil. The origin of this 

relaxation was found in the matrix between the cellulose fibrils or in the 

middle lamella (Keckes et al., 2003). However, the behaviour of the middle 

lamella has never been investigated during hygroscopic loading. How does 

the middle lamella influence the swelling behaviour of wood induced by 

moisture sorption? In this work, we aim at answering this question in order 



CHAPTER 8. HYGROSCOPIC SWELLING AND SHRINKAGE OF BORDERED PITS 

AND MIDDLE LAMELLA PROBED BY PHASE-CONTRAST NANO-TOMOGRAPHY 

 

   169  
  

to give a more general understanding of the wood swelling behaviour at 

cellular and sub-cellular scales. 

 

 

8.2 Experimental work 

 
As the nano-scale work performed looks essentially at two different 

features, two sample preparations and image acquisition with nano-

tomography are presented.  

 

8.2.1 Sample preparation 

 

For bordered pits study 

 

The study of bordered pits requires a sample size of approximately 50×50 

m
2
 cross section to fit within the field of view. The wood thin sticks are cut 

with razor blade from 10 × 10 × 10 mm
3
 oven-dry cubes of Norway spruce 

(Picea abies), under an optical microscope. The thin wood sticks tend to 

bend during moisture sorption; therefore, the samples need to be kept in 

place during the whole hygroscopic protocol. We propose a sample holder 

where both ends of the sample are kept in place. The sample holder is small 

enough to fit on the sample stage within the environmental chamber (see 

section 3.2) and is made of a material transparent to X-rays, i.e. polyimide 

foil. The section of this sample holder fits into the field of view. A cylinder-

shaped sample holder is selected to allow a uniform X-ray path, independent 

on the rotational angle. The cylindrical sample holder is made by linking 

two small PMMA cylinders at both ends. The diameter of the cylinders is 

8.6 mm. The bottom cylinder has a pin holder containing a magnet for 

insertion on the magnetic rotational stage of the TOMCAT setup. The 

polyimide foil is rolled and glued around the two cylinders, which are kept 

together by a thin aluminium wire. A pre-cut circular hole allows access 

inside the tube, to cut out a centre piece of the aluminium wire. The sample 

holder is then ready to receive the wood sample, where the ends of the wood 

sample are glued to the ends of the aluminium wire (Figure 8.2, a-b). 



CHAPTER 8. HYGROSCOPIC SWELLING AND SHRINKAGE OF BORDERED PITS 

AND MIDDLE LAMELLA PROBED BY PHASE-CONTRAST NANO-TOMOGRAPHY 

 

   170  
  

Such samples are prepared before the experiments and kept in a desiccator 

with desiccant particles until the beginning of the tomographic scans. 

 

 
 

Figure 8.2: (a) Components of the sample holder, (b) finalized with polyimide foil 

and with access window for inserting and gluing the wood fibre. (c) A view from 

the top of the sample holder inserted in the environmental chamber. 

 

For middle lamella study 

 

For this study, the middle lamella needs to be isolated from the surrounding 

wood tissue. Two micro-pillars are prepared by focused ion beam (FIB) 

machining. Each micropillar is machined with two different FIB setups, the 

first available at the Empa Dübendorf in the Laboratory of Reliability 

Science and Technology, while the second pillar is prepared at the 

Laboratory of Mechanics of Materials and Nanostructures at Empa Thun.  

The first micropillar is prepared from an earlywood sample with initial size 

of 1×1 mm. This sample is milled into a rectangular micropillar of 2×2 m 

size using a dual FEI Strata 235 gallium (Ga) FIB system, combined with 

scanning electron microscope (SEM). The sample surface is coated prior to 

FIB with an approximately 8 nm thick gold layer in order to minimize 

charging and drift during SEM imaging and FIB milling of the wood. 

During the preparation of the sample, a beam acceleration voltage of 30 kV 

has been used and a side wall milling method is chosen. The current is 

initially set to 20 nA for the coarse milling and then it is varied from 1nA to 
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300pA for the polishing of the micropillar to reach its final thickness. The 

first micropillar is obtained from an earlywood tissue with a cross-sectional 

dimension equal to 1.3 m and height of 13 m. The first micropillar is 

shown in Figure 8.3, referred to as ML1. 

The second micropillar is prepared from an earlywood sample with initial 

size of 1×1 mm. In this case, the wood fiber was sputter-coated with several 

nm of Au-Pd to prevent charging of the insulating material. A Tescan Lyra 

dual beam FIB/SEM workstation is used for the machining of the pillar. The 

material around the final pillar location is first removed in a coarse milling 

step using a 30 keV ion beam with 6-8 nA ion current, leaving an area of 

approximately 10 x 10 µm². In a second fine milling step with an ion-current 

of 1 nA, the free standing area is reduced to a circular diameter of 3 µm. 

Thereafter, the Au-Pd coating is renewed for further milling. In a last step, 

the specimen is polished to the final diameter of 0.9 m using low ion 

current conditions (30 keV, 75 nA) to minimize FIB-damage. In Figure 8.3, 

the second sample is shown and indicated as ML2. 
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Figure 8.3: Preparation of micropillars ML1 and ML2 with FIB milling. (a) The 

future sample location is identified with FIB/SEM visualization. (b) Machining of 

the micropillars with FIB and (c) a close look to the machined samples. The black 

rectangles indicate which part of the samples is imaged in nano-tomography. 

 

8.2.2 Experimental protocol 

 

The samples are located inside the environmental chamber (described in 

section 3.2), as shown in Figure 8.2c. Before starting the hygroscopic loop, 

the chamber top is closed and the control system set at 10% RH to impose 

the equilibrium of the sample at reference state (referred to as dry state). 

During the experiments, the samples are exposed to cyclic variations in 

relative humidity (RH) for hygroscopic loops in adsorption and in 

desorption. Sample with bordered pit 1 is exposed to four relative humidity 

steps in adsorption (10% - 50% - 75% - 90%) and three in desorption (75% - 

50% - 10%). Sample with bordered pit 2 is only exposed to dry (10% RH) 

and wet (80% RH) states. The two samples with machined middle lamella 

pillars undergo a full hygroscopic loading protocol, with  four relative 

humidity steps in adsorption (10% - 50% - 75% - 90%) and three in 

desorption (75% - 50% - 10%). The RH conditions at each step are 

maintained long enough to ensure moisture equilibrium in the samples, i.e. 

40 minutes, for a total of 48 hours of experiments. 
 

8.2.3 Image acquisition  

 

The experimental setup has been described in section 3.2.2.2. In a first 

setup, the regions of the sample containing bordered pits have to be 

identified. This is done with the micro-setup of 0.7 m nominal pixel size. 

Then, the nano-setup is used. A total number of 361 equiangular projections 

per tomographic scan between 0° and 180°, including 10 dark fields and 30 

flat fields, with 728×728 pixels are captured on a CCD camera with a 14 bit 

dynamic range and an exposure time of 150 ms each, resulting in a total 

scanning time of approximately 34 min. The dimension of the field of view 

is 36×36 m in the horizontal and vertical directions. This brings to an 

effective reconstruction pixel size of about 50×50 nm. Scans are performed 

with energy of 16 keV and no binning factor.  
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8.3 Image processing 
 

The reconstructed tridimensional datasets are analysed with different 

software. In total, four datasets are acquired: two of middle lamella and two 

of bordered pits. VG Studio MAX 2.0 is used for the 3D renderings of the 

datasets of middle lamella, for segmenting the images and analysing the 

volume of the material. Figure 8.4 shows the volume renderings of the two 

pits and the two micropillars of middle lamella analysed in this work. Then, 

the affine registration on the two datasets of middle lamella is performed 

with the software 3D Slicer. Finally, we detect the local strains with our 

algorithm for non-affine registration, as explained in Chapter 4. In this case, 

‘Registration P’ gives the optimal solution for both pits and middle lamella 

datasets with ‘map’ as method for extracting the feature points on the 

segmented images. The optimization criteria used is the steepest descend 

method for all the datasets. 
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Figure 8.4: Volume renderings of (a, b) the two pits (on the top) and (c, d) the two 

micropillars (on the bottom).  
 
 

8.4  Results and discussion 
 

In this paragraph, we present the main results obtained from the analysis of 

two datasets of middle lamella micro-pillars and two datasets of bordered 

pits. Affine registration results are presented for the micro-pillars while non-

affine registration is performed on the four datasets.  

 

 

 

(a) (b) 

(c) (d) 
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8.4.1 Behaviour of bordered pits during moisture sorption 

 

Two bordered pits are selected in the two earlywood samples and subjected 

to a loading protocol. We present the non-affine strains of bordered pit1, 

which has a diameter of 9 m at 10% RH. The non-affine strains are 

calculated for the full hygroscopic loop: 10% - 50% - 75% - 90% - 75% - 

50% - 10%, with RH=10% in adsorption considered as reference state. 

Figure 8.5a shows a cross-section of the bordered pit at different RH levels. 

The pit is slightly tilted (θ°tilting) with respect to the horizontal axis (as 

indicated in figure 8.5a) with an angle of 74° at 10% RH. This angle 

decreases to 67° at 90% RH during adsorption, and returns to its original 

value at 10% RH in desorption, as shown in Figure 8.5b. This effect 

explains that the wood sample housing the bordered pit returns to its initial 

position after being subjected to an adsorption and desorption cycle.  

We do not report affine strains of bordered pits as the deformation of these 

features appears to be more local. For this reason, the non-affine registration 

method is used. The equivalent non-affine strains are calculated using eq. 

4.10 and mapped in 2D on the reference image, as shown in Figure 8.5c. 

Note the different maximal values used in the scale bars. The non-affine 

strains at 50%RH range between 6% and 8%. The strains increase to a 

maximum of 10% at 75% RH. Here, the torus starts to move towards the pit 

opening on the right, resulting in a local displacement which reaches its 

maximum (~12%) at RH = 90%. In desorption, the local non-affine strains 

disappear between 75% and 50%RH. A high non-affine strain of 8% is 

observed at 10%RH, showing that locally in the torus some permanent 

strains may remain after cycling.  
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Figure 8.5: (a) Cross-sectional view of pit 1 at different RH values in adsorption 

(10% - 50% - 75% - 90%) and in desorption (75% - 50% - 10%) used for the 

analysis of (b) the tilting angle in adsorption (dashed line) and in desorption 

(continued line) and (c) the equivalent non-affine strains.  

 

Pit 2 is located at the edge of a cell wall, where the sample is mechanical 

damaged by razor blade cut. The pit has a diameter of 23 m. Figure 8.6 

shows the non-affine strains between dry (reference at RH=10%) and wet 

(moving at RH=80%) state in adsorption. The torus is partly damaged 

during sample preparation, and, as a result, the torus is pushed on one side 

of the pit opening. Some movement is visible. The non-affine strains in x- 

and y-directions range between 2% and 4%. We do not observe large local 

deformations, which most probably can be attributed to the initial collapse 

of the torus on the opening of the bordered pit.  
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Figure 8.6: (a) Cross-sectional view of pit 2 at two RH values used for non-affine 

registration and calculating (b) the equivalent non-affine strain over the volume 

and (c) the components of non-affine strains along the x, xy and y directions.  
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8.4.2 Behaviour of middle lamella micro-pillars during moisture 

sorption 

 

The first sample of middle lamella, presenting a very nice geometry and a 

good contrast, is used to determine first the affine strains with 3D Slicer as 

shown in Figure 8.7b. The affine strains in adsorption lie above the 

desorption curve. This effect may be due to presence of some initial 

deformations caused by a lack of pre-conditioning of the sample. The black 

curve represents the strains in the x-direction, corresponding, in this case, to 

the tangential direction of wood, while the radial strains, y-direction, are 

plotted in grey. The tangential strains are slightly higher than the radial 

strains in adsorption for 50% and 75% RH. The maximum affine strain at 

90%RH reaches 5.3% and 5.4%, respectively in tangential and radial 

direction. In desorption, the two curves almost overlap. We may thus 

conclude that the behaviour of ML1 is isotropic. VG Studio Max 2.0 is used 

to segment the volumes at each RH level using the region growing 

algorithm and calculating the amount of volume at each state. In this way, 

the volumetric swelling strains are determined as: 

 

𝜀𝑉 =
𝑉𝑅𝐻%−𝑉10%

𝑉10%
                (8.1) 

 

Figure 8.7c, reports the volumetric strains as a function of RH. We observe 

that the adsorption curve lies again above the desorption curve and reaches a 

maximum at 90% RH.  

We use the non-affine registration algorithm for comparing two states in 

adsorption, i.e. dry (RH=10%) and wet (RH=90%), see Figure 8.8a. The 

equivalent non-affine strain distribution (calculated with Eq.4.10) is shown 

in Figure 8.8b, and its components in Figure 8.8c. We observe a non-

uniform strain distribution over the cross-section of the sample, where both 

positive (tensile) and negative (compressive) strains appear. These 

neighbouring zones of tensile and compressive strain indicate local bending 

or slipping of different layers in the sample. The non-affine strains range 

between -8 and 8% and are slightly higher than the affine strains (max. 

5.4%).  
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The results for ML2 are shown in Figure 8.9. In this case, the datasets are 

very noisy due to the sample preparation and uneven surface. This does not 

allow to acquire accurate information for a detailed analysis. The volume 

renderings of ML2 at the different RH levels are reported in Figure 8.9a. 

The analysis of this datasets is limited to the calculation of affine and 

volumetric strain, reported in b and c of the same figure. The strains in 

adsorption lie above the strains in desorption, as observed for ML1 and the 

tangential and radial strain curves almost overlap. The volumetric strains in 

ML2 follow a similar trend as the volumetric strains in ML1, with the 

adsorption curve above the desorption one and a maximum of 10% 

volumetric strain at 90%RH. The results of affine and volumetric strains are 

summarized in Table 8.1 for ML1 and ML2. The values of both experiments 

agree very well.  

Comparing the volumetric affine strain values of the middle lamella 

obtained in this study of 10% to the values up to 25% obtained for a 

micropillar of the S2 layer by Rafsanjani et al (2014), we conclude that the 

ML swells much less than the S2 layer. We further conclude that, although 

the ML shows an isotropic affine deformation behaviour, local non-affine 

strains may highly vary between tensile and compressive behaviour, in 

different directions. More research is needed to fully explain this difference 

between affine and non-affine behaviour. 

When comparing the affine strains of the ML with the global earlywood and 

latewood tissue, we may conclude that the maximal strains for ML (5.5%) 

are in the same range as the affine strains for earlywood in tangential 

direction (4.3%) and for latewood in tangential (4.8%) and radial directions 

(4.2%), and are higher than those for earlywood in radial direction (2.4%). 

The understanding of the interaction between the different layers during 

swelling needs further analysis, using e.g. a multiscale modelling analysis 

(see e.g. Rafsanjani et al., 2013). 
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Figure 8.7: (a) Volume renderings of ML1 in adsorption (10% - 50% - 75% - 

90%) and in desorption (75% - 50% - 10%) used for the analysis of (b) the affine 

strains in adsorption (dashed line) and in desorption (continued line) and (c) the 

total volumetric strains.  
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Figure 8.8: (a) Cross-sectional view of ML1 in the reference and moving states. 

(b) 2D map of the non-affine strain components in the x-y plane.  
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Figure 8.9: (a) Volume rendering of ML2 in adsorption (10% - 50% - 75% - 90%) 

and in desorption (75% - 50% - 10%) used for the analysis of (b) the affine strains 

in adsorption (dashed line) and in desorption (continued line) and (c) the total 

volumetric strains.  

 
Table 8.1: Maximum affine swelling in x-y directions and maximum volumetric 

swelling for the two samples of middle lamella. 
 

 ML1 ML2 

∆𝜀𝑎𝑓𝑓𝑖𝑛𝑒,𝑥 5.3% 5% 

∆𝜀𝑎𝑓𝑓𝑖𝑛𝑒,𝑦 5.4% 5% 

∆𝜀𝑉 9.5% 10% 
 

 

 

8.5 Conclusion 
 

The swelling behaviour of two sub-cellular features in the wood cell wall is 

studied in this chapter, with the aim at giving a complete picture of the 

swelling behaviour of wood at two scales of observation: cellular and sub-

cellular. We observe that non-affine swelling deformations occur in 
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bordered pits of earlywood, also showing a movement of the torus towards 

the pit surfaces. Further studies on the deformation of bordered pits during 

hygroscopic cycling and its effect on permeability can bring new insights on 

the change of permeability in dried wood caused by subsequent 

wetting/drying. The swelling of another sub-cellular feature, the middle 

lamella, is investigated also in this chapter. The ML is found to swell less 

than the S2 layer in the wood cell wall. Although the ML shows an isotropic 

affine deformation behaviour, non-affine strains may occur locally, 

indicating a local bending or slip between subcellular layers.  



 

 

 

 

Chapter 9 

 

Conclusion and Outlook 

 

 

Understanding cellular materials, such as wood, and revealing the relation 

between cellular structure and swelling behaviour can be of relevance for 

many other biological and engineering materials. The aim of the present 

research is to build up an experimental approach based on advanced image 

analysis for studying the hygro-mechanical behaviour of wood at cellular 

and sub-cellular scales. This thesis focuses mainly on the experimental 

documentation of the swelling behaviour of softwood, the origin of swelling 

hysteresis and the occurrence of anisotropy in different wood tissues. The 

method can be extended for studying the coupled hygric and mechanical 

deformations of many biological and cellular materials with a non-

destructive approach at cellular and sub-cellular scales. The main 

conclusions of the present work are summarized in this section.  

 

 

9.1 Synthesis 
 

The main findings regarding the anisotropic behaviour of different wood 

tissues are summarised in this paragraph. The anisotropic swelling ratios, 

i.e. the ratio between the tangential to the radial swelling, discussed in 

Chapters 5, 7 and 8, are reported in Table 9.1 and plotted in Figure 9.1 for 

homogeneous tissues (earlywood and latewood) in free swelling, in 
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restrained swelling and for heterogeneous (combined  late- and earlywood -) 

dry and green wood tissues. Earlywood swells anisotropically during 

moisture sorption. Latewood shows a quite isotropic swelling behaviour, in 

homogeneous and combined tissues. The swelling of earlywood becomes 

more isotropical when combined with the more isotropic swelling latewood.  

The anisotropy of earlywood and latewood tissues is importantly modified 

in restrained swelling experiments due to the lowering of swelling in the 

restraining direction. In green wood, both earlywood and latewood show 

important swelling anisotropy, while, in the interface between the two 

tissues, green wood behaves more isotropically. 

The linear swelling coefficients for dry wood, defined as the slope of the 

linear relation between strains and MC, are plotted in Figure 9.2. The plot 

summarizes the results discussed in Chapters 5 and 6 for different wood 

tissues. The swelling coefficient ranges from 0.1 to 0.5, with lower values 

for earlywood in radial direction, which is attributed to restraining by the 

rays.  There is no direct relation of tangential swelling coefficient and 

porosity and a slight decrease of radial swelling coefficient with porosity, 

which indicates that the cellular structure plays also an important role. Such 

cellular structure features must include anisotropy of cell layer materials, 

layered structure of the cell wall and geometry of the cell. 

 

 
Table 9.1: Anisotropy of earlywood and latewood in free swelling (Chapter 5), of 

regions of interest in combined dry and green (GW) wood samples (Chapter 6) and 

of regions of wood with minor (ROI 1) or major (ROI 2) restraint during moisture 

sorption (Chapter 7) 

 
 Chapter 5 Chapter 6 Chapter 7 

Anisotropy  Free swelling Combined GW Restrained swelling 

 EW1 EW2 ELW1 ELW2 GW ROI 1 ROI 2 

EW 3.1 1.7 1.6 1.5 4.0 EWT:2.4 EWT:0.25 

LW 1.3 1.1 1.0 1.0 2.1 LWT:0.8 

LWR:5.3 

LWT:0.5 

EW+LW   1.1 1.3 1.5   
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Figure 9.1: Anisotropic swelling ratio versus porosity for earlywood and latewood 

samples in free swelling (dashed line), in combined dry tissues (continued line and 

black dots) and in restrained swelling (grey dots). 

 

 
Figure 9.2: Swelling coefficients of latewood and earlywood for different porosity. 
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9.2 Contributions 
 

Experimental methods advances: 

 

 Development of a non-destructive 3D experimental imaging 

approach for understanding the influence of environmental changes on the 

cellular behaviour of wood, which consists in subjecting carefully prepared 

wood samples to an in-situ RH loading protocol and micro-imaging of their 

geometric changes. This approach is applied on the complex cellular 

structure of wood at cellular and sub-cellular scales (such as pits and cell 

wall layers) using micro- and nano-CT, respectively.  

 

 Development of an environmental chamber and relative humidity 

control systems for the different configurations and scales of CT setup, i.e. 

the X-ray tube and the synchrotron-radiation source. 

 

 Development of advanced sample holders for micro- and nano- 

tomographic setups, such as the restraining device and the magnetic holders 

for very thin samples. 

 

Advances in image analysis: 

 

 Integrated use of different advanced tools for processing 

tomographic images in 3D: especially image pre-processing operations in 

combination with algorithms for phase contrast and image post-processing 

operations integrated with different tools for segmentation and image affine 

registration. 

 

 Development of a new image registration technique for detecting the 

non-affine deformations in wood induced by moisture content changes, a 

material with complex cellular structure and behaviour. In our case, wood 

swells and shrinks more along the tangential and radial directions than in 

longitudinal direction, allowing us to investigate the non-affine strains in 

2D. The complex cellular structure of wood is a good example for testing 

the performance of an algorithm which combines several morphological 

operations to an optimization problem. The algorithm is able to recognise 
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different features in the wood cell wall (cell edges, cell corner, and 

skeleton), to extract the features coordinates, to compare these features in 

two different states (reference and moving/deformed) and to find the 

optimal transformation, using B-spline functions, which maps the features 

of the moving state into the features of the reference state. This technique is 

called point-based registration. This new image registration method is added 

to two procedures of registration based on the intensity of grey values, in 

order to ensure the optimal performance of the non-affine registration 

method.   

 

 Development of a data analysis approach, which combines 

understanding of the affine behaviour of the material with the occurrence of 

local non-affine deformations in the cellular structure. The affine strains are 

calculated in 3D. The affine registration model is a good approximation to 

explain the global deformation behaviour of wood but it fails in detecting 

the local non-affine strains. For this reason, the non-affine registration 

model is required in order to investigate locally the deformations in wood 

and to quantify the non-affine strains and the total strains. The total strains 

are finally mapped on the cellular wood structure for further analysis. The 

approach developed shows the capacity to highlight zones undergoing 

bending, the restraining effects of rays, shape-memory effects and cell wall 

buckling. 

 

Advances in understanding wood swelling: 

 

 Understanding of the swelling behaviour of earlywood and latewood 

at cellular scale. The anisotropic behaviour of the cellular material is 

investigated for different wood cellular geometries. A main conclusion is 

that the swelling anisotropy depends exponentially on the porosity. Wood 

tissues with higher porosity present a more anisotropic swelling behaviour 

compared with the less porous latewood tissues. It is found that the 

anisotropy can importantly be reduced/increased dependent on the direction 

of restraint. In samples combining both earlywood and latewood, the overall 

behaviour is more dominated by the swelling of latewood.  
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 Understanding of the occurrence of hysteresis in wood. This thesis 

demonstrates that hysteresis appears when swelling and moisture content are 

considered as a function of relative humidity, while it disappears when 

swelling is plotted versus moisture content. This shows the main origin of 

hysteresis to be due to sorption, thus leading to the conclusion that the same 

amount of moisture entering or exiting the cell wall material leads to the 

same swelling deformation of the cell material.  

 

 Detecting local deformations in the earlywood and latewood as 

occurring in localized manner along the ray cells, especially in earlywood, 

underlines the restraining role of rays on the cellular material swelling. It is 

found that the restraining effect of the rays on the swelling is more 

important for cellular material composed of thinner cell wall materials, since 

the cell wall thickness of the rays is higher than the cell wall thickness of 

earlywood tissues.  

 

 Understanding the swelling behaviour of green wood when it is dried 

for the first time, i.e., the first desorption curve, which is shown to be 

irreversible, leading to the appearance of permanent strains. In contrast, the 

adsorption and second desorption curves are reversible. The behaviour of a 

green wood specimen during sorption is found to be strongly different 

compared with dry wood materials. This is related to the fact that no 

maturation occurs in green sapwood, thus the material is softer than in dry 

heartwood, leading to a more anisotropic behaviour of both latewood and 

earlywood. Additionally, it is found that the swelling in greenwood is more 

affine as no large non-affine deformations occur locally. 

  

 Understanding the swelling of wood subjected to restraint during 

moisture sorption. It is observed that the swelling of cell wall structure is 

prevented by the presence of a restraining device. This restraint introduces 

important local deformations of wood such as cell wall buckling. A 

buckling mode of axial compressive type is found in a group of cells which 

are subjected to restraint along the radial direction.  

 

 Shape-memory effect is observed in initial highly deformed cells due 

to sample preparation, which regain their original cell shape when rewetting. 
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This memory effect is probably related to a possible realignment of 

polymers. 

 

 Understanding the role of singularities in the softwood cell wall at 

sub-cellular scale, such as bordered pits and middle lamella. In-situ 

experiments with phase-contrast synchrotron-radiation nano-tomography 

allow us to image the deformations in bordered pits during hygroscopic 

loading. It is found that middle lamella shows an isotropic swelling 

behaviour. Non-affine strains may occur locally in the middle lamella, 

indicating a local bending or slip between subcellular layers.  

 

 

9.3 Perspectives 
 

Based on this thesis, a number of directions for further research can be 

formulated. These issues are discussed here: 

 

 This work shows the potential of image analysis in investigating 

global and local deformations in complex materials. Since the cellular 

swelling of softwood is predominant along radial and tangential directions, 

while it is almost zero longitudinally, the strain registration algorithm has 

been developed in 2D. For studying different materials, a 3D version of the 

algorithm needs to be implemented. Another possible improvement on the 

algorithm is related to computational time. Running a stack of 200 slices of 

1000×1000 pixels cross-sectional size on one processor requires at the 

moment of this thesis 24 hours. The code could be implemented in parallel 

with multiprocessor imaging. Further progress of the algorithm should tend 

towards an improved selection of the constraint on the B-spline functions 

instead of using an artificial grid. In this way, the method could be used for 

studying the behaviour of different existing materials detected in 2D or in 

3D.  

 

 For wood datasets obtained in the same modality, we can use the 

squared sum of intensity differences (SSD) as similarity criterion. However, 

there are cases, especially in medicine, where the two datasets, i.e. reference 

and moving, are acquired with different configurations leading to contrast 
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enhancement (i.e., pre- and post- contrast agent with magnetic resonance 

imaging). In these cases, another similarity criterion could be used, e.g. 

insensitive to intensity changes (Rueckert et al., 1999). Such a method can 

be widely used in material science and in medicine for detecting locally the 

object deformations. 

 

 The behaviour of green wood and the first desorption curve at 

microscale should be explored in more detail by doing repeat experiments 

on green samples in wet conditions. Understanding the role of a living tree 

with respect to permeability studies at micro- and nano- scales will give 

more insights to understand fluid transport and effect of draught in trees. 

 

 Further understanding of the origin of swelling behaviour by 

downscaling to molecular scale. Experimental investigation of the chemical 

composition with respect to the cell arrangements and chains ordinations 

along the wood fibres combined with molecular dynamic simulations would 

provide new insights in understanding the role of each sub-cellular features 

to the global frame of wood material in a multiscale framework. 

 

 The affine and non-affine swelling/shrinkage strains can be used for 

validating a 3D multi-scale model of the behaviour of wood. 

 

 The moisture shape-memory effect is seen in a variety of polymers 

and biological materials. Further investigations based on experiments and 

combined with a modelling approach are required for understanding the 

mechanisms that govern the ability of certain materials to recover their 

original shape after moisture loadings. 



 

 

 

 

Appendix 

 
In the appendix, we report the cell wall thickness of the wood specimens 

analysed in Chapters 5 and 7. The procedure for mapping the cell wall 

thickness is briefly described. We use the software for image analysis and 

visualization VG Studio MAX 2.0. In particular, we use a module named 

wall thickness analysis in order to examine objects for areas in which the 

wood cell wall thickness is within a defined permissible interval. Connected 

areas are combined into one component for which the position, 

minimum/maximum wall thickness and volume are specified. The resulting 

components are colour-coded for a 3D visualization. Figure A.1 shows the 

3D distribution map of the cell wall thickness of four homogeneous tissues, 

EW1, EW2, LW1 and LW2. Figure A.2 shows the distribution map for the 

regions named ROI1 in Chapter 7 and referred to samples LWT, LWR and 

EWT. The cell wall thickness is calculated on the dry volumes. The 

histograms represent the surface of wood as a function of the cell wall 

thickness. We observe that the sample with lower porosity, i.e. EW1 

(=78%), presents an average cell wall thickness of 3.7 m. In contrast, the 

highest average cell wall thickness is found in LW2 (=45%) and in LWT 

(=54%) and is equal to 7.5 m. The cell wall thickness decreases almost 

linearly with the sample porosity, as shown in Figure A.3.  
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Figure A.1: 3D distribution map of the cell wall thickness of homogeneous wood 

samples with different porosity. Samples analysed in Chapter 5. 

(a) (b) 

(c) (d) 
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Figure A.2: 3Ddistribution map of the cell wall thickness of regions ROI1 of three 

homogeneous samples with different porosity. Samples analysed in Chapter 7. 

(a) (b) 

(c) 
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Figure A.3: Average cell wall thickness versus porosity. The line represents the 

best fit. The values are plotted for the 7 samples visualised above, with porosity 

ranging between 45% and 78%. 
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