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The main objective of this study was to develop mathematical model capable to 

describe the effect of ultrastructural features on the longitudinal modulus of elasticity of 

softwood fiber. Another objective was to identify, based on ultrastructural features, a 

potential explanatory factor for the mechanical difference between Norway spruce and 

Scots pine fibers and to demonstrate its influence utilizing developed modelling tools. 

According to the literature, the main difference between the pine and spruce fibers is 

the pit structure, which is clearly different in these fibers. The spruce fiber contains a 

lot of tiny pits, whereas the pits of the pine fiber are larger and the total number of them 

is smaller. The effect of the pits on the longitudinal modulus of elasticity of fiber is 

studied with both the analytical and the numerical model. 

The results show that, although the spruce fiber seems to contain clearly more pits, 

larger pits appearing in the pine fiber turn out to have a stronger influence on the 

longitudinal modulus of elasticity of the fiber. The effect of local variation of 

microfibril angle which occurs near the pits seems to be minor. Moreover, the results 

suggest that spruce fibers may have higher ultimate strength due to the more uniform 

straining behavior.  

Keywords: Softwood, spruce, pine, fiber, mechanical properties, modelling,  
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1 INTRODUCTION 

1.1 Background 

“Papermaking is challenging nowadays due to cost pressures and efficiency 

requirements” (Ora 2012). The challenges result from the overproduction, which 

originates from both the decrease in the paper consumption in Europe and North 

America, shown in Figure 1, and the increase in the total paper production. The 

decrease in the total paper consumption arises from decreased demand for 

printing and writing paper, including newspaper. The increase in the total 

production is caused by the new paper mills in Asia and South America and the 

increased efficiency of all paper machines. Due to the hard competition between 

the producers, the continuous development of products and manufacturing 

processes is more than necessary. 

 

Figure 1. Paper and board consumption by world regions. 

The development requirement of wood based material, such as paper, and its 

manufacturing process evokes the old wisdom: “We may use wood with 

intelligence only if we understand wood” F.L. Wright (1928). In the case of 

paper, understanding wood specifically means understanding wood fibers, 

because the base structure of the paper produced is still a fiber network despite 

the fillers, the portion of which has increased due to cost pressures. The portion 
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of fibers varies from 50% to 95% for different paper grades, i.e. from double 

coated grades to newsprint (Lehto 2011).  

Nordic paper mills have a competitive benefit: ample resources of pure natural 

fiber. The fiber material of the Nordic forests is very suitable as the raw material 

for paper production; a fact that has been known and is evident from the earlier 

success of the Nordic papermaking industry. Common softwood species in the 

Finnish forests are Norway spruce and Scots pine, which together cover about 

80% of the wood raw material. Both species have a high fiber content, exceeding 

90%, and the fibers are relatively large. Roughly speaking, the mean length of 

fibers of both species is 3 mm and the width to length ratio is 1/100. In 

papermaking, such large fibers are usually used as reinforcement for the paper 

produced. In addition, due to the increased filler content, the reinforcement 

fibers play a yet bigger role, and therefore softwood fibers are a very important 

raw material for the Nordic papermakers, which also makes them important 

research subjects. 

1.2 Research problem 

Several research studies have been performed to define the characteristics and 

properties of softwood fibers. Therefore, the characteristics of softwood fibers, 

such as the shape, dimensions, cell wall structure and polymer distribution, can 

be found in the public domain. Moreover, several modelling studies have been 

performed and multiple different approaches have been presented successfully 

describing the mechanical behavior of softwood fiber. The effects of several 

different structural features have also been studied by means of the models 

developed. However, the effect of natural ultrastructural features, such as the pit 

structure and local variation of microfibril angle, have not been sufficiently 

examined. Deep understanding of the effect of these particular ultrastructural 

features would be useful information due to the fact that these features differ 

greatly between fibers of the Norway spruce and Scots pine. While the cell wall 

of spruce fiber contains a lot of tiny pits that are uniformly distributed along the 

length of fiber, the pine fiber contains large window-like pits, in addition to tiny 

pits.  

The pits are natural openings through the cell wall, appearing to act as 

irregularities and certainly having an effect on the mechanical behavior of the 

cell wall (Eskola et al. 2011, Eskola et al. 2012, Fernando & Daniel 2004).  

Moreover, pits reduce the pure cell wall area and produce local variation of 

microfibril angle (MFA). Both of these affect the mechanical properties of fiber. 



1 INTRODUCTION 

 

13 

Earlier, the difference between spruce and pine fibers has been mainly studied 

merely experimentally by comparing the measurement results of fibers, pulps or 

end products. Thus, the difference between spruce and pine fibers has been 

recognized, but its origin has not been studied sufficiently and, before this thesis, 

not at all by means of modelling tools.  

1.3 Objectives and hypothesis 

This thesis aims to increase understanding of the mechanical behavior of virgin 

softwood fibers and particularly the effect of ultrastructural features on the fiber 

properties. Using modelling tools, an attempt is made to show how the pits and 

local variation of MFA affect the longitudinal modulus of elasticity of fibers. In 

other words, this thesis aims to explore the origin of the mechanical difference 

between spruce and pine fibers.  

There are some reasonable assumptions of the end results of the models 

developed. Firstly, it can be assumed that large window-like pits of the pine fiber 

make the fiber more compliant compared to the spruce fiber because the total 

reduction of the cell wall area is higher. Secondly, local variation of microfibril 

angle does not induce any significant effect due to the fact that it seems to occur 

in a relatively small area near the pits.  

1.4 Scope of research 

This research was performed as a modelling study and the focus was to use new 

ideas in the modelling of the virgin softwood fiber. The necessary source 

information for the models is gathered from literature and the main part of the 

background information collected is presented in Chapter 2. 

In the real world, the material of wood and wood fiber is very complex. The cell 

wall of fiber is an anisotropic multilayer polymer composite and some of these 

polymers are strongly dependent on the load-history, time, moisture and heat. In 

this study, all polymers are assumed to be linearly elastic, which simplifies the 

solution, still providing reasonable results. In addition, the mechanical behavior 

of the cell wall was assumed to be a continuum and no fractures were taken into 

account in these models. The development of models is described in Chapter 3 

and the results are presented in Chapter 4. 
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1.5 Scientific contribution 

This thesis is written as a monograph and the author is entirely responsible for 

the design and performance of the research work for this thesis. In addition, 

during the research work, the author has published and participated four 

scientific peer-reviewed articles, two in scientific journals and two in conference 

proceedings.  

I R. Eskola, J. Hämäläinen, T. Leppänen: Finite element modeling of 

crossfield pits’ effect on cell wall stress behavior, Nordic Pulp and 

Paper Research Journal, 27(3), pp. 647-652, 2012.(Eskola et al. 

2012)(Eskola et al. 2012)(Eskola et al. 2012) 

II J. Hämäläinen, R. Eskola, A.-L. Erkkilä, T. Leppänen: Rheology in 

papermaking – from fibre suspension flows to mechanics of solid 

paper, Korea-Australia Rheology Journal, 23(3), pp. 211, 

2011(Hämäläinen et al. 2011a)(Hämäläinen et al. 2011a)(Hämäläinen 

et al. 2011a). 

III R. Eskola, J. Hämäläinen, T. Leppänen: The impact of cell wall 

irregularities on the mechanical properties of softwood fibers, Progress 

in Paper Physics Seminar, Graz, Austria, September 5-8, 2011.  

IV J. Hämäläinen, R. Eskola, A.-L. Erkkilä, T. Leppänen: Rheology in 

papermaking – from fibre suspension flows to mechanics of solid 

paper, 11th International Symposium on Applied Rheology, pp. 65-74, 

Seoul, Korea, May 27, 2011(Hämäläinen et al. 2011b) 
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2 LITERATURE REVIEW 

2.1 Characteristics of Norway spruce and Scots Pine 

This general review of the characteristics of softwood is divided into structural 

levels: macrostructure, fiber structure and ultrastructure. The macrostructural 

level, which includes all visible characteristics, is first shortly discussed before 

the review of the fiber structure and ultrastructure. A typical cross-section of a 

softwood stem is shown in Figure 2.  

 
Figure 2. A schematic presentation of the cross-section of a softwood stem. 

The growth rings, which appear as alternating light and dark rings, can be very 

easily noticed in Figure 2. The lighter rings are earlywood, which grows during 

the spring and early summer, and the darker rings are latewood, which grows 

during the summer. Pith, located in the center of the stem, consists of wood 
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formed during the first few years along the entire length of a tree and it is usually 

darker than the surrounding (Ilvessalo-Pfäffli 1995, Kyrkjeeide 1990). 

The juvenile wood comprises the first 15 to 20 growth rings and it is surrounded 

by mature wood, as shown in Figure 2. The pith is surrounded by xylem, the 

inner part of which is heartwood and the outer part sapwood. In many cases, 

heartwood is darker than sapwood. Heartwood is darker in pine compared to 

spruce, sometimes even having a nice rubicund color. The cells of heartwood are 

dead even in a live tree, but the sapwood cells are partly alive.  

The whole trunk is surrounded by bark which protects wood tissue from external 

threats. Between sapwood and bark, there is a narrow layer of live cells called 

cambium, which produces wood cells and hence enables the radial growth of the 

stem. The bark can be divided into living inner bark called phloem and the dead 

outer bark called rhytidome. 

In addition, the three reference planes, shown in Figure 2, also provide useful 

information. These are the cross-sectional or the transverse plane, the radial 

plane and the tangential plane. These planes and the corresponding directions 

also play an important role when the morphology of fibers is examined.  

2.2 Characteristics of softwood fibers 

The morphology of Norway spruce and Scots pine fibers, like various other 

biological structures, bespeaks extensive range of variability (Brändström 2001). 

The characteristics of fibers vary between trees and even within one tree, and the 

fiber characteristics seem to vary both between earlywood and latewood and 

between juvenile wood and mature wood (Boutelje 1968, Tyrväinen 1995, 

Mäkinen et al. 2003, Havimo et al. 2009, Sirviö & Kärenlampi 2001).  

Earlywood fibers have a larger diameter and thinner cell walls due to their 

transportation function. Earlywood fibers transport water and minerals within 

the tree, whereas thick-walled latewood fibers are more focused on providing 

strength to the tree. This annual variation of cross-sectional properties of fibers 

produces visible growth rings. The fiber cross-sections of a growth ring are 

shown in Figure 3.  
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Figure 3. Cross-sections of fibers of a whole annual ring of a softwood stem. lw 

refers to latewood and ew to earlywood. (Brändström 2002) 

Furthermore, juvenile fibers seem to be shorter and more compliant than the 

fibers of mature wood; however, the portion of juvenile wood of the whole stem 

is infinite and hence its significance is much smaller than that of annual 

variation. The characteristics of fibers vary in the different locations of the stem 

(Havimo et al. 2008, Ollinmaa 1961, Fengel 1969). Generally, the length and 

diameter of fibers increase from pith to bark and from the stump to 50% of the 

total tree height.  

The fibers, i.e. tracheids, are elongated wood cells which are orientated in the 

longitudinal direction of the stem. Fibers may make as much as 90% of the cells 

of spruce and pine stems. The other softwood cells are ray parenchyma, 

longitudinal parenchyma and epithelial cells. All of these cells have storing and 

conducting functions, and the portion of these elements is low in the tree and the 

importance in this particular context is non-existent.  

The morphology of fiber can be divided into two levels: the microstructural level 

and the ultrastructural level (Brändström 2001). The features of the 

microstructural level can be observed with visible light microscopy (LM); hence, 

its dimensions are measured in micrometers. The features of the ultrastructural 

level are measured in nanometers and must be studied with methods of higher 

definition, such as scanning and transmission electron microscopy (SEM and 

TEM) or atomic force microscopy (AFM).  

The microstructural features of spruce and pine fibers, such as length, cell wall 

thickness and fiber diameter, have been discussed in many researches. The 
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length of fibers is an important feature in papermaking due to the fact that long 

fibers can have more bonds with other fibers and are therefore more strongly 

held in the network than a short fiber (Niskanen 1998). The average length 

measured for the spruce fiber was 3.4 mm (ranging between 1.1 mm and 6.0 

mm) and that of the pine fiber was 3.1 mm (from 1.8 mm to 4.5 mm) 

(Trendelenburg & Mayer-Wegelin 1955). These values agree with the values 

presented in other studies (Brändström 2001, Sarén et al. 2001, Sirviö 2000, 

Sirviö & Kärenlampi 2000, Tyrväinen 1995, Boutelje 1968, Fengel & Wegener 

1984).  

Both the cell wall thickness and fiber diameter are cross-sectional features and 

could be studied even more accurately than length due to tortuous variation. The 

average diameter measured for spruce fibers was 31 µm (ranging between 21 µm 

and 40 µm) and that of the pine fiber was 34 µm (from 14 µm to 46 µm) 

(Trendelenburg & Mayer-Wegelin 1955). These values agree with other studies 

(Fengel & Wegener 1984, Havimo et al. 2008, Havimo et al. 2009, Mäkinen et 

al. 2002a, Mäkinen et al. 2002b, Mäkinen et al. 2003, Sarén et al. 2001, 

Saranpää 1994).  

Furthermore, the diameter of a fiber is almost always an average of values due to 

the shape variation of the cross-section of fibers, which is a result of seasonal 

changes. The cross-section naturally changes within the growth ring from a 

square via a polygon to a circular shape (Peura et al. 2008). The annual variation 

of the fiber’s cross-sectional shape is illustrated in Figure 4. A square with a 

bull-nose could be a good generalization for the cross-sectional shape of 

softwood fiber.  
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Figure 4. A schematic presentation of annual variation of the cross-sectional 

shape of softwood fiber.  

The cell wall thickness of spruce fiber varies from 2 µm to 8 µm (Havimo et al. 

2009, Havimo et al. 2008, Mäkinen et al. 2002a, Sirvio & Karenlampi 1999, 

Sarén et al. 2001, Ollinmaa 1961, Mäkinen et al. 2002b). Cell wall thicknesses 

of pine fiber have been reported to be almost equal with spruce fibers. Since 

lower values (< 5 µm) occur more commonly, 4 µm would been selected as the 

average value to represent the cell wall thickness of softwood fiber. Parameters, 

such as the circumference and the cross-sectional area, have also been used in 

the studies instead of the diameter and the cell wall thickness (Sirviö & 

Kärenlampi 1998, Sirviö & Kärenlampi 2001, Sirviö 2001).  

Moreover, it has been discovered that the cross-sectional properties of fiber also 

vary within a single fiber (Sirviö 2001). Both the circumference and the 

thickness of the cell wall increase from the end to the center along the fiber 

length; therefore the tension rigidity of fiber is significantly larger in the center 

than at the ends of the fiber due to fact that the larger cross-sectional area 

increases the tensional rigidity. 

2.3 Ultrastructure of cell wall 

The cell wall tissue of softwood fiber is composed of a group of polymer 

molecules which are settled in the cell wall in a complex high-ordered manner. 

The arrangement of polymer molecules has a strong impact on the mechanical 
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properties of fiber. Softwood fiber has three primary components and several 

secondary components. However, only the primary components, cellulose, 

hemicellulose and lignin, are considered in this study. The tiniest cellulose units 

are cellulose molecule aggregates called microfibrils (MF), i.e., cellulose 

elementary fibril. The width of microfibrils ranges from 2 nm to 4 nm 

(Fernandes et al. 2011, Mark et al. 2001, Wathén 2006). Microfibrils are then 

aggregated with a small amount of hemicellulose, i.e., polyoses to the fibrils or 

fibril aggregates whose width ranges from 20 nm to 30 nm (Bardage et al. 2004, 

Fahlén & Salmén 2002, Fengel 1970). The microstructure of a fibril has been 

illustrated by several researchers (Fahlén & Salmén 2005, Fengel 1970, Salmén 

& Olsson 1998) and the version of Fengel’s is shown in Figure 5. 

 
Figure 5. An illustration of a fibril aggregate (Fengel 1970).  

Researchers agree that the fibril aggregates, which contain mostly cellulose, are 

then embedded in an amorphous matrix of hemicellulose and lignin. It has also 

been shown that lignin is formed in more or less tangential lamellae in the cell 

wall (Fahlén & Salmén 2002, Fahlén & Salmén 2003, Fahlén & Salmén 2005, 

Kerr & Goring 1975, Stone et al. 1971). A proposed lamellar structure of the S2 

layer is presented in Figure 6. Whether lignin is to be considered to exist in 

separate layers or as a mixture with hemicelluloses is still under debate 

(Bergander & Salmén 2002).  
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Figure 6. The lamellar structure of the cell wall (Kerr & Goring 1975). 

The lamellar structure has also been discussed in publication (Smith et al. 2003) 

where it is suggested that even the secondary wall (S) contains 50 to 160 

separate lamellae.  

In structural terms, the cell wall of softwood fiber consists of four distinct layers: 

the primary wall layer (P) and the three layers of the secondary wall (S1, S2, S3) 

(Page 1969, Panshin & Zeeuw 1980, Brändström 2001, Fengel & Wegener 

1984). Lamella (M), located between the individual fibers, glues the fibers 

together and forms the tissue of wood. The cell wall structure is illustrated in 

Figure 7.  

 
Figure 7. A cell wall model of Norway spruce fiber (Brändström 2002). 
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The cell wall is defined as a layered structure due to the fact that the layers have 

different properties regarding the polymer content, and orientation of cellulose 

fibrils which is defined as micro fibril angle (MFA). In the primary wall P, 

fibrils are randomly organized. In layers S1 and S3 of the secondary wall, the 

fibrils are oriented in a counter-clockwise helical slope, approximately 

perpendicular to the fiber axis, whereas the fibrils of the S2 layer wrap around 

the fiber axis in a steep clockwise helix.  

The change of MFA is considered to be continuous through the cell wall. A 

hypothetical model presented in an informative review article (Abe & Funada 

2005) is shown in Figure 8. This model proposes that the fibrils of the P layer 

are randomly organized but seem to be arranged in quite a gentle order whereas 

the fibrils of all S layers seem to be arranged in a strict parallel order. The model 

suggests that MFA continuously transmutes through the S layers and only a 

wider part with constant MFA appears in the S2 layer. 

 
Figure 8. A hypothetical model for orientation of microfibrils (Abe & Funada 

2005). 

As was mentioned earlier, the polymer content differs between the cell wall 

layers, and it has been suggested that the polymer distribution through the cell 

wall of softwood fiber is as shown in Figure 9.  
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Figure 9. The distribution of polymers in the cell wall (Panshin & Zeeuw 1980). 

The distribution illustrated in the Figure 9 quite well agrees with the reported 

polymer content of layers shown in Table 1. The difference in the polymer 

content of the cell wall layers between spruce and pine has been found to be 

infinite (Fengel 1966a, Fengel 1966b, Fengel 1967, Kollmann & Fengel 1965). 

Therefore, it could be suggested that Figure 9 gives a reasonable approximation 

for the fibers of both of the species, i.e. spruce and pine.  

Table 1. The fraction of polymers in the cell wall layers (Bodig & Jayne 1993, 

Fengel 1969, Fengel & Stoll 1973, Fengel & Wegener 1984, Kollmann & Cote 

Jr 1968). 

Wall layer Fraction 

 Cellulose Hemicellulose Lignin 

P 0.12 - 0.27 0.26 - 0.32 0.46 - 0.62 

S1 0.28 - 0.45 0.29 - 0.31 0.24 – 0.41 

S2 0.43 - 0.50 0.27 – 0.33 0.19 – 0.24 

S3 0.45 - 0.48 0.30 – 0.36 0.16 – 0.24 
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Moreover, the S2 layer is mechanically dominant layer due to fact that it is 

thickest layer and it comprises over 90 percentages of the cellulose of cell wall. 

The thickness of cell wall layers of earlywood and latewood fibers are presented 

in Table 2. 

Table 2. Thickness of cell wall layers of Norway spruce fiber (Bodig & Jayne 

1993, Fengel 1969, Fengel & Stoll 1973, Fengel & Wegener 1984, Kollmann & 

Cote Jr 1968). 

Wall layer Earlywood Latewood 

 µm % µm % 

P M/2 0.09 – 0.11 4.3 – 5.6 0.03 - 0.09 0.5 - 2.3 

S1 0.15 - 0.26 8.4 – 12.8 0.20 - 0.38 4.0 - 8.8 

S2 1.5 - 1.66 78.6 – 84.0 3.69 - ≥5 85.8 – 94.0 

S3 0.03 - 0.09 2 - 4.3 0.08 - 0.14 1.5 - 3.3 

Total wall 1.78 - 2.10  4.30 -5.31  

The fiber characteristics of spruce and pine defined so far seem to be almost 

equal. A few differences can be noted but the variation between the average 

values defined seems to be small. Nonetheless, in this review, a major difference 

between spruce and pine fibers, found in the literature, is the pit structure or the 

size and the appearance of pits, shown in Figure 10. Pits are openings through 

the cell wall formed between individual fibers or between a fiber and a ray 

parenchyma cell. These openings enable, for example, water and mineral 

transportations from the root to the tree top. The pits bespeak extensive range of 

variability. However, in this study the attention is paid to the general information 

as the appearance and the size of pits in pine and spruce fibers. The specific 

information as the exact structure and the material properties of pits is not taken 

into account due to the difficulties which occurs in applying information in the 

modelling purpose. 
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Figure 10. Typical pit structures of spruce (left) and pine (right) (Ilvessalo-

Pfäffli 1995). 

The correlation between the fiber dimensions and the properties of the pit 

structures of various species has also been studied (Sirviö & Kärenlampi 1998). 

The dimensions of bordered pits in Scots pine varied from 13% to 77% 

regarding fiber width, average 42%, whereas the values for spruce fiber were 

18%, 71% and 41%, respectively. Hence, the size differences of pits, shown in 

Figure 9, do not appear from these values. Moreover, the pits were observed to 

be bigger and more circular in the wider fibers in both species. The spruce fiber 

contains more pits in total than the pine fiber due to the thick appearance of tiny 

pits in the crossfield section, whereas in the pine fiber, individual pits are large. 

The appearance of pits varies between the fibers and also within a single fiber. 

Furthermore, orientation of pit apertures was found to be almost completely 

angular, which indicates that the microfibril angle is not a simple function of 

angular orientation of pits, as it was previously assumed.  

Earlier, the MFA was also assumed to be constant within the S2 layer of fiber, 

but the latest studies (Abe & Funada 2005, Chinga-Carrasco 2011, Donaldson 

2008, Khalili et al. 2001, Sedighi-Gilani et al. 2005) show that local variation of 

MFA occurs along a fiber. Moreover, it was noticed that the pit structure causes 

local variation due to the fact that the fibrils seem to follow the edges of the pits 

in a streamwise manner, as is shown in Figure 11. 
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Figure 11. The cellulose fibrils of S2 layer follow edges of pits in a streamwise 

manner (Abe & Funada 2005). 

2.4 Modelling studies of softwood fiber 

The wood fiber has been a subject in several modelling studies performed during 

the past fifty years and multiple different approaches have been applied during 

the decades. An informative review is presented in article (Neagu et al. 2006). A 

fiber which is a hollow tube with the wall consisting of four distinct layers has 

been studied using both planar and cylindrical models. The models can also be 

grouped into analytical and numerical models. Furthermore, the material models 

used for polymers have varied between elastic and plastic models. The 

dependency on the loading rate, moisture and heat have also been considered in 

some studies. However, the linear elastic material model for polymers is used in 

most cases due to the tortuous microstructure of the cell wall, which itself is 

already a challenge for most researchers.  

One remarkable series of studies for the mechanical properties of wood fibers 

has been conducted by Page and his co-workers mostly in the 1970s (Page 1969, 

Page et al. 1972, El-Hosseiny & Page 1973, El-Hosseiny & Page 1975, Kim et 

al. 1975, Page & El-Hosseiny 1976, Page et al. 1977, Page & El-Hosseiny 

1983). This  series of studies can be considered as a milestone in the history of 

wood fiber modelling, and the importance of the studies of Page and his co-
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workers cannot be overrated. These studies contain a lot of useful information 

about modelling of fiber also including data from experimental tests, and hence 

have been used as a starting point and a stepping stone by many researchers.  

With an analytical model, described in the fifth article of the series “The 

mechanical properties of single wood pulp fibers”, it was possible to predict the 

longitudinal elastic modulus of pulped softwood fibers. The model was 

compared with experimental results, shown in Figure 12. Due to its ideality, the 

model was capable of predicting the upper bound for the longitudinal elastic 

modulus of fiber, whereas real fibers always contain irregularities that have a 

fiber loosening effect.  

 
Figure 12. A theoretical curve for modulus as a function of MFA (Page et al. 

1977).  

The sixth article of the series explains the stress strain behavior of fibers with a 

different fibril angle when fibers are longitudinally strained in tension. The 

experimental results of the study are shown in Figure 13. Fibers with a fibril 

angle near zero show linear elastic behavior, whereas fibers with a bigger fibril 

angle have visible nonlinearity in their stress-strain behavior. The nonlinearity of 

the curve results from the behavior of the cell wall microstructure; the cellulose 

fibrils are twisted inside the hemicellulose lignin matrix towards the axial 

direction of the fiber. The differences in the ultimate strain were also significant 
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ranging from ~3% to 20% when the fibril angle varied from 1° to 46°, 

respectively. 

 
Figure 13. Single fiber stress-strain curves (Page & El-Hosseiny 1983). 

The idea that fibrils flow or twist inside the cell wall to the axial direction of the 

fiber when the fiber is strained in tension is also used in studies conducted later 

(Navi et al. 1995, Sedighi Gilani 2006, Sedighi-Gilani & Navi 2007). The 

rotational behavior of fibrils is divided into reversible deformation and 

irreversible deformation which refer to the elastic and plastic deformation of the 

cell wall (Navi et al. 1995). Moreover, these newer studies also show that the 

total twisting angle of fibrils before a failure seems to be larger for the fibers 

with a bigger original fibril angle, and hence the ultimate strain potential of fiber 

increases with increasing natural fibril angle.  

The local variation of the fibril angle within a fiber is also taken into account in a 

few modelling studies (Sedighi Gilani 2006, Sedighi-Gilani & Navi 2007). In 

this study, the fiber model was divided into short segments all with an individual 

fibril angle, and then the properties of the whole fiber were identified. The 
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model also considers the effect of loosening of the cell wall matrix. The 

modelling result is shown in Figure 14. 

 
Figure 14. Decrease of longitudinal Young's modulus when matrix rigidity is 

decreased (Sedighi-Gilani & Navi 2007).  

Figure 14 shows that loosening of the matrix material really affects the fiber 

properties. The effect is the biggest with MFA ranging from 3° to 25° due to the 

high value of longitudinal Young’s modulus and a decreased value of modulus 

of rigidity when the material strains to a shape of a lozenge more easily. 
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3 FIBER MODEL 

3.1 Geometry 

The basic geometry of the model is a rectangular plane representing a piece of a 

cell wall. The model consists of a total of 58,779 elements all with a hundred 

layers. Hence, the total amount of individual solving units is 5,877,900. The fine 

mesh (0.5µm x 0.5µm) is needed to ensure that the local MFA variation nearby 

pits and the material properties of pits could be taken into account in the model 

developed. Whereas, thin layers (0.04 µm) are needed to achieve the effects of 

the natural characteristics of the cell wall which change continuously through the 

cell wall as the MFA and the polymer content. An illustrative schematic figure 

of the model is shown in Figure 15. The pit structure geometries of the model 

based on micrograph images are presented in publication (Ilvessalo-Pfäffli 

1995). The images representing the pit structure of spruce and pine fibers, taken 

from this publication, were scanned, cropped and saved as .png files with a size 

of 63x933 pixels. Selected images of spruce and pine fibers are shown in Figure 

16. 

 
Figure 15. A schematic figure of a mosaic model. 

 
Figure 16. Scanned micrograph figures of spruce (under) and pine (above) fiber 

(Ilvessalo-Pfäffli 1995).  
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Then the figures were converted to black-and-white with image processing tools. 

The area of the pits was black and the pure cell wall was white. The 

monochrome images created were loaded to a Matlab program which 

automatically generated 63x933 matrices in which each pixel of the figures was 

represented by an element, zero for black or one for white. After this, the 

micrograph images of the pit structures of spruce and pine fibers were 

transformed into numerical form which would be understandable and easy to use 

in further calculations. In the double plot shown if Figure 17, the upper 

monochrome figure represents the uploaded pine geometry which was used in 

the calculations and the lower graph illustrates the variation of the pure cell wall 

area along the longitudinal direction in the cell wall sample. Figure 18 is 

otherwise equal to Figure 17, except that it shows the data of a spruce sample. In 

the next section, the characteristics of the cell wall and how they are taken into 

account in the model are discussed in more detail.  

 
Figure 17. The upper graph shows the pit structure geometry of pine fiber. The 

lower graph illustrates the width variation of a pure cell wall in a pine sample. 
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Figure 18. The upper graph shows the pit structure geometry of spruce fiber. The 

lower graph illustrates the width variation of a pure cell wall in a spruce sample. 

As was stated earlier in the Literature Review section, the cell wall of a wood 

fiber is complex in nature. The characteristics included in this model and hence 

covered here are the distribution of polymers through the cell wall, the change of 

MFA through the cell wall and the local MFA variation near the pits. A 

summary of information collected of the cell wall layers is given in Table 3. In 

previous modelling studies, the cell wall is typically modeled with layers, the 

properties of which are assumed to be constant within a layer. The number of 

layers used varies from 1 to 4, which can be explained by the fact that the cell 

wall structurally consists of four distinct layers P, S1, S2 and S3, as mentioned 

earlier. In addition, in several studies, only the S2 layer is modeled due to the 

fact that it is a mechanically dominant layer. However, there are strong reasons 

to believe that the cell wall properties continuously change within the cell wall. 

The first reason is the continuous change of MFA through the cell wall, for 

which a hypothetical model is presented in article (Abe & Funada 2005). The 

second reason is the continuous change of polymer content within the cell wall, 

which is originally presented in graph (Panshin & Zeeuw 1980). The graph 

illustrating the polymer content is not experimentally fully proved; however, it is 

more credible than a constant polymer content within the layers and then a sharp 

stepwise change in the boundary of the layers. Moreover, according to (Smith et 

al. 2003), even the secondary wall (S) contains 50 to 160 separate lamellae. 

Therefore, in this study, the whole cell wall is divided into 100 lamellae of equal 

thickness all of which have an individual polymer content and individual MFA 

information. The polymer content of the layers is solved with a curve fitting 

process shown in Figure 19 and Figure 20.  
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Table 3. Characteristics of a cell wall layer important for the model. 

Wall layer Laminate 

No. 

MFA Structure Micromechanics 

P M/2 1 - 3 Constant 0° 
Randomly 

organized 
Hull (1981) 

S1 4 - 11 

Linear 

change from 

+70° to 

MFA of S2 

Unidirectional 

within lamina 

Chou et al 

(1972) 

S2 12 - 96 Constant 
Unidirectional 

within lamina 

Chou et al 

(1972) 

S3 97 - 100 

Linear 

change from 

MFA of S2 

layer to +50° 

Unidirectional 

within lamina 

Chou et al 

(1972) 

 
Figure 19. Fitted curves of the cell wall polymer distribution; the dots are points 

taken from the original figure presented by Panshin and De Zeeuw (1980). 
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Figure 20. Solved polymer content of a cell wall through the cell wall.  

The MFA of the cell wall is developed in agreement with the hypothetical model 

presented by (Abe & Funada 2005). The model developed uses a constant MFA 

for the laminate of the S2 layer. In the laminate of the S1 and S3 layers, MFA 

changes according to the user-defined MFA curves. Figure 21 shows a graph 

with two curves which are basically equal, but the solid line may be more 

understandable. MFA (-10°) is also plotted using an angle of 170° which is equal 

in this case but easier to understand from the figure. It should be noted that 

according to the hypothetical model, the change of MFA from S1 +70° to S2 (-

10°) occurs in the transverse direction 90°. The change from S2 to S3 also 

occurs in the transverse direction. What is important here is the effect of the 

laminate, which now increases the transverse and shear rigidity of the cell wall 

instead of the longitudinal rigidity.  
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Figure 21. An MFA curve loosely based on the hypothetical model presented by 

(Abe & Funada 2005). 

The same kind of curves are defined for each full ten from (- 90) to + 80. The 

curves were defined with such a wide-ranging MFA because all these angles 

actually occur in the S2 layer within a single fiber although the measured 

average MFA of the S2 layer mostly varies from (-50) to 0 degrees between the 

fibers. However, the higher and lower MFA values can be defined almost for 

each fiber near the pits due to the local variation of MFA. In addition, because 

local MFA variation is also taken into account in the model, a script to make 

fibrils to sweep in a streamwise manner near the pits was needed. When 

developing the script, attention was paid to that the result should resemble the 

original natural local MFA variation. However, the result does not have to be 

identical. The script has two stages. In the first stage, the edges of pits are 

spotted and MFA at the edges is manipulated to the shape of the pit. The flow 

chart of the first stage of the script is shown in Figure 22 and the result after the 

first stage in Figure 24. In the second stage, the difference of MFA between 

adjacent elements is mitigated around the elements manipulated earlier, which 

makes the MFA vector field look more continuous. A flow chart of the second 

stage is shown in Figure 23. In addition, the angles defined are rounded to even 

tens at the end, and the final result of the script and the streamwise effect near 

the pits can be seen in Figures 25 and 26. 
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Figure 22.The flow chart of stage 1 of the script defining the local MFA 

variation of the S2 layer. 
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Figure 23. The flow chart of stage 2 of the script defining the local MFA 

variation of the S2 layer. 
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Figure 24. Local MFA variation at the edges of pits.  

 
Figure 25. Fibrils follow the edges of pits in a streamwise manner.  
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Figure 26. Local MFA variation near large window-like pits.  

3.2 Material model 

Hooke’s law 

The model is based on the generalized Hooke’s law, which is defined as follows: 

“The generalized Hooke's law is a mathematical statement which relates all 

components of stress to all components of strain. It is one of the simplest 

constitutive equations of continuum substances, as it is based on the assumption 

that the stress and strain components are linearly related.” (Bodig & Jayne 

1993). The tensorial form of Hooke’s law connects the nine components of 

stress to the nine components of strain and in this form, 81 stiffness coefficients 

and 81 compliance coefficients are identified: 

 klijklij C    (3.1) 

where σ is the stress vector, ε is the strain vector, C is called the stiffness tensor 

and i, j, k, and l are the coordinate indexes. Similarly, the three dimensional 

strain-stress relationships are:  

 klijklij S    (3.2) 
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where S is the compliance tensor. The tensorial form is not very practical 

because it includes redundancies due to the symmetry characteristics of stress 

and strain matrices and, moreover, the tensorial strains cannot be measured; only 

engineering strains are measurable. Therefore, Hooke’s law is normally 

presented in a more useful form, where the six independent stresses are linearly 

related to the six independent engineering strains. Hence, the stiffness form of 

the law can be expressed in the following matrix equation: 
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and the compliance form of the law is:  

 

















































































12

13

23

3

2

1

666564636261

565554535251

464544434241

363534333231

262524232221

161514131211

12

13

23

3

2

1

























SSSSSS

SSSSSS

SSSSSS

SSSSSS

SSSSSS

SSSSSS

 (3.4). 

In Equations (3.3) and (3.4), the normal stresses are presented as σi and the 

normal strains as γi. The shear stresses σij and shear strains γij retain double 

indexes. Further, the stiffness and compliance parameters are simplified to form 

Ckl and Skl. In many applications, Equations (3.3) and (3.4) are written in a 

simpler form:  

  C  (3.5) 

   

  S  (3.6). 
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From Equations (3.5) and (3.6), it can be easily seen that the stiffness matrix C is 

the inverse of the compliance matrix S and vice versa: 

 1 SC  (3.7) 

   

 1 CS  (3.8). 

Furthermore, in the case of a fiber cell wall, the material can be identified as 

orthotropic without making any huge mistakes. Hence, according to (Bodig & 

Jayne 1993), the compliance matrix is simplified to the form:  
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 (3.9). 

Moreover, when the geometric and orthotropic axes of the material coincide, the 

compliance matrix is symmetric (Bodig & Jayne 1993), which means that nine 

parameters are sufficient to describe the three-dimensional elastic behavior of an 

orthotropic material. In the cell wall, this means that MFA defines the position 

of axes. However, MFA varies a lot in the cell wall and the longitudinal elastic 

properties of the cell wall are desired, which is why a transformation of 

compliance parameters is needed. The transformations, meaning that the 

material properties are oriented to the desired direction, can in this case be 

performed with equations: 
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 (3.10) 

where s = sin θ and c = cos θ. Note the new coefficients S26 = S62 and S16 = S61 

which couple together shear and normal effects. More information about the 

nature of these interesting new coefficients can be found in the articles (Liu 

2000, Liu 2002). The transformed compliance matrix with new coefficients is as 

follows: 
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 (3.11). 

The compliance matrix of orthotropic material can be defined by six well-known 

elastic moduli. Three of them are the ratios of normal stress and normal strain in 

principal directions, and three of them are the ratios of shear stresses and shear 

strains in the orthotropic planes. Hence, each is a slope of the stress-strain 

diagram: 
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where E1, E2, E3 are called Young’s moduli or moduli of elasticity (MOE). G12, 

G13, G23 are called shear moduli or moduli of rigidity (MOR). Further, the 
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engineering elastic parameters and compliance parameters presented have the 

following relations:  
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In addition, the engineering elastic parameters also include six Poisson’s ratios ν, 

which are used to define the ratio between active strain and passive strain: 

 
ijij    (3.14). 

Although there are six coefficients, only three of the six coefficients are 

independent. The compliance matrix can also be expressed with engineering 

elastic parameters, and Hooke’s law takes the form:  
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(3.15)

. 

This statement of Hooke’s law using engineering coefficients is completely 

equivalent with that of Equation (3.9). Moreover, the relationship between the 

compliance and stiffness matrices, shown in Equations (3.7) and (3.8), relates 

the stiffness matrix to the engineering coefficients. 
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Micromechanical model 

Since the microstructure of the cell wall is composite material, as was mentioned 

earlier in the Literature Review section, the micromechanics should be taken into 

account in the material model. In this study, the method “elastic constants of 

layered media” (Chou et al. 1972) is used to define the micromechanical 

behavior of the cell wall. The method has been used in earlier modelling studies 

(Harrington et al. 1998, Koponen et al. 1989). The method uses a compromise 

solution of Voigt's and Reuss's material models and it is based on the idea that 

the global properties of the composite can be calculated based on the 

representative element which includes a layer of each material occuring in the 

composite. The basic idea of the layered element is shown in Figure 27. The 

thicknesses of the layers are determined based on the proportion of the material 

content of the whole composite. In case the cell wall materials are cellulose, 

hemicellulose and lignin, the material content of 100 laminates is already 

defined as shown in Figure 20. 

 

Figure 217. A representative element of a layered composite in case of a fiber 

cell wall. 

The method solves the parameters of the stiffness matrix of the composite by 

using the summation Equations (3.16) and (3.18), the inputs of which are the 

stiffness parameters and the portions of materials. In this case, the materials were 

cellulose, hemicellulose and lignin for which the engineering elastic parameters 

are given in Table 4. 
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The micromechanical model described above is suitable for unidirectional 

composites and thus can be used for the layers of the secondary wall. However, 

since the fibrils of the P layer are randomly organized, the elastic parameters of 

the P layer are finalized with Equations (3.20) and (3.21) (Hull & Clyne 1996), 

which can be expressed using the engineering elastic parameters: 
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Table 4. Elastic properties of cell wall components (Berg & Gradin 1999, 

Salmén 2004). 

 Dry 12% Wet Wet 

 20°C 20°C 20°C 95°C 

Lignin     

El 4 000 2 000 2 000 60 

Et 4 000 2 000 2 000 60 

Glt 1 500 750 750 22.5 

Gt 1 500 750 750 22.5 

vlt 0.33 0.33 0.33 0.33 

vt 0.33 0.33 0.33 0.33 

Hemicellulose     

El 8 000 7 000 20 10 

Et 4 000 3 500 10 5 

Glt 2 000 1 750 5 2.5 

Gt 2 000 1 750  5 2.5 

vlt 0.2 0.2 0.2 0.2 

vt 0.00 0.00 0.00 0.00 

Cellulose     

El 134 000 134 000 134 000 100 000 

Et 27 200 27 200 27 200 22 000 

Glt 4 400 4 400 4 400 4 000 

Gt 13 100 13 100 13 100 10 600 

vlt 0.1 0.1 0.1 0.1 

vt 0.04 0.04 0.04 0.04 

The material for pits is selected to be isotropic due to fact that material 

properties of all pits are difficult to exactly define. Therefore, the modulus of 

elasticity of pits is varied during calculation. The modulus of elasticity of pits 

varied between 10 GPa, 5 GPa, 1 GPa, 0.5 GPa, 0.1 GPa, and 0.01 GPa. The 

variation is used also to study the effect of pits loosening.  

3.3 Analytical model 

The cell wall of a softwood fiber is a complex composite structure and its 

properties vary both through the cell wall and along the fiber. Therefore, the 

method selected should be suitable for describing the effect of property 

variations within a sample. In this thesis, the analytical model used is a mosaic 

model. A similar mosaic model has been applied earlier in the simulation of 

paper properties (Lu et al. 1995, Lu & Carlsson 1996, Lu et al. 1996). The model 

uses Voigt's and Reus's summation rules to solve global properties of the sample 
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based on tiny elements all of which have individual properties for stiffness and 

orientation. 

 

Figure 28. Cell wall elements assembled in parallel have uniform strain whereas 

cell wall elements assembled in series have uniform stress. 

The main rule is that the strain applied over parallel elements is equal and the 

stress applied over serial elements is equal, as shown in Figure 28. The global 

longitudinal modulus of the modulus of elasticity of the model is solved with 

Equations (3.22) and (3.23). 
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where the lower index refers to the number of the element. Basically, the 

longitudinal modulus of elasticity of the cell wall is solved by adding together 

the longitudinal moduli of elasticity of the elements.  

A summary of information about different models solved is shown in Table 5. 

Moreover, the model developed is used to study the effect of pits by varying the 
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modulus of elasticity of the pits area. The material used for the pits is assumed to 

be isotropic and the modulus of elasticity is varied from 10 MPa to 10 GPa. 

Finally, the effect of local MFA variation is also solved.  

Table 5. Summary of model information. 

Name Description 

Mosaic_pits_1 A mosaic model where MFA of the S2 layer is uniform 

and varies from 0 to (-50). The modulus of elasticity of 

the pit area elements varies from 10 MPa to 10 GPa. 

The elements in parallel are aggregated first and then 

those assembled in series. The material model of whole 

cell wall developed is used. 

Mosaic_pits_2 Otherwise equal to the above model except that the 

elements assembled in series are aggregated first and 

then the parallel elements. 

Fem_pits The specification is the same as for the model above. 

However, the longitudinal modulus of elasticity is 

solved based on the results of a simulated tension test.  

Mosaic_local_MFA A mosaic model where MFA of the S2 layer is mostly 

uniform (-10), but the local MFA variation solved with 

script defined in Figures 22 and 23 is added. The 

modulus of elasticity of the pit area elements varies 

from 10 MPa to 10 GPa. The elements in parallel are 

aggregated first and then those assembled in series. The 

material model of whole cell wall developed is used. 

Fem_local_MFA The specification is the same as for the model above. 

However, the longitudinal modulus of elasticity is 

solved based on the results of a simulated tension test. 

3.4 Finite element model 

The numerical model was developed and solved with the Abaqus software, 

version 6.12. The element used in the model was a shell element S4R, which can 

be used for multilayered composites. More information about the element can be 

found in the User Manual of the software. The geometry and the mesh of the 

finite element model are equal with the analytical mosaic model developed and 
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are shown in Figure 15. All input information, such as the material properties 

and orientation, for example, was equal.  

The global longitudinal rigidity of the sample was solved by simulating a tension 

test where the sample was strained to 0.2% strain and the force required was 

recorded. After this, the global rigidity properties of the cell wall were calculated 

straightforwardly with Equations (3.24) and (3.25) 

 
A

F
  (3.24) 

   

  E  (3.25) 

where F is force, A is the cross-sectional area, E is the modulus of elasticity, γ is 

engineering strain, and σ is stress.  
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4 RESULTS 

4.1 General material properties 

The material models developed is compared with the material models developed 

in other studies (Harrington et al. 1998, Persson 2000, Sedighi-Gilani & Navi 

2007). The all six engineering elastic parameters and the three Poisson’s ratios 

of material models are listed in the Table 6. The material model of the S2 layer 

developed based on polymer content values, cellulose 44.24 %, hemicellulose 

32.06 %, and lignin 23.70 %, which are calculated average values for the S2 

layer from fitted curves, shown in Figure 21. The cell wall material is strongly 

anisotropic as can be seen from Table 6, and thus the mechanical properties of 

fiber are strongly dependent on the material orientation. In the case of the fiber 

the material orientation is defined by using MFA value. Therefore, calculated 

fiber properties Ex, Ey, and Gxy are presented versus the MFA of S2 layer by 

diagrams in Figures 29, 30, and 31. Moreover, the results are plotted against to 

the MFA of S2 layer used because it is mechanically dominant layer. 

Table 6. The calculated engineering elastic parameters by matrix calculation and 

finite element analyses presented in main material directions. 

 

Coefficient 

Matrix 

calculation
a 

Matrix 

calculation
b 

Matrix 

calculation
c 

Numerical 

results
d 

Numerical 

results
e
 

E1 59.31 62.04 72.63 72.6 63.96 

E2 14.65 13.69 9.66 7.48 9.16 

E3 5.582 5.32 5.84 6.13 9.85 

G12 3.04 2.69 2.51 3.13 3.02 

G13 1.77 1.77 2.51 2.97 3.38 

G23 2.05 2.05 3.63 1.75 2.96 

v21 0.08 0.025 0.02 0.0234 0.33 

v31 0.02 0.018 0.025 0.0208 0.33 

v32 0.056 0.053 0.29 0.438 0.39 
a
 P, S1, S2, and S3 layers 

b
 S2 layer 

c
 S2 layer (Sedighi-Gilani & Navi 2007)  

d
 S2 and S3 layers (Persson 2000)  

e
 S2 layer (Harrington et al. 1998) 
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Figure 29. The longitudinal modulus of elasticity Ex of the fiber cell wall and S2 

layer models as a function of MFA compared to measurements (Cave 1969). 

 
Figure 30. The transverse MOE Ey of the cell wall and S2 layer models. 
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Figure 312.The modulus of rigidity Gxy of the cell wall and the S2 layer. 

4.2 Effect of pits 

The analytical and numerical models developed are used to study the effect of 

pits on the longitudinal modulus of elasticity of spruce and pine fibers. The 

details of models are presented in the Table 5. The models based on idea that 

modulus of elasticity of pits is varied and the LMOE of fiber is solved for each 

of pit material value. The material of pits was selected to be isotropic and 

modulus of elasticity was varied from 10 GPa to 10 MPa and Poisson’s ratio was 

selected to be 0.3. The results of models are compared to measurements (Cave 

1969). The results of model Mosaic_pits_1 model are shown in Figure 32 for the 

pine and in Figure 33 for the spruce. The results of model Mosaic_pits_2 are 

shown in Figures 34 and 35. The effect of pits is studied also with numerical 

finite element model and the results of model FEM_pits are shown in Figures 36 

and 37. All these results are presented as a function of the MFA of S2 layer.  
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Figure 32.The results of model Mosaic_pits_1 for pine. The plot comprises six 

individual lines with a line for each pit material. The modulus of elasticity of the 

pits area varies between 10 GPa, 5 GPa, 1 GPa, 0.5 GPa, 0.1 GPa and 0.01 GPa. 

 
Figure 33. The results of model Mosaic_pits_1 for spruce. The plot comprises 

six individual lines with a line for each pit material. The modulus of elasticity of 

the pits area varies between 10 GPa, 5 GPa, 1 GPa, 0.5 GPa, 0.1 GPa and 0.01 

GPa. 
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Figure 334. The results of model Mosaic_pits_2 for pine. The plot comprises six 

individual lines with a line for each pit material. The modulus of elasticity of the 

pits area varies between 10 GPa, 5 GPa, 1 GPa, 0.5 GPa, 0.1 GPa and 0.01 GPa. 

 
Figure 35. The results of model Mosaic_pits_2 for spruce. The plot comprises 

six individual lines with a line for each pit material. The modulus of elasticity of 

the pits area varies between 10 GPa, 5 GPa, 1 GPa, 0.5 GPa, 0.1 GPa and 0.01 

GPa. 
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Figure 36. The results of model FEM_pits for pine. The plot comprises six 

individual lines with a line for each pit material. The modulus of elasticity of the 

pits area varies between 10 GPa, 5 GPa, 1 GPa, 0.5 GPa, 0.1 GPa and 0.01 GPa. 

 
Figure 37. The results of model FEM_pits for spruce. The plot comprises six 

individual lines with a line for each pit material. The modulus of elasticity of the 

pits area varies between 10 GPa, 5 GPa, 1 GPa, 0.5 GPa, 0.1 GPa and 0.01 GPa. 
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4.3 Effect of local MFA variation 

The models Mosaic_local_MFA and FEM_local_MFA developed were used to 

study the effect of local MFA variation of S2 layer on the longitudinal modulus 

of elasticity of fibers of spruce and pine. The details of models are presented in 

Table 5. In the models the MFA of S2 layer is mainly (-10°), however also the 

different MFA values occurs; especially nearby pits where fibrils follow edges 

of pits streamwise manner. The results of models are presented as a function of 

MOE of pits. The model Mosaic_local_MFA is compared to Mosaic_pits_1 for 

define does the loosening of pits affect the effect of local MFA variation. The 

results of analytical models for the pine are shown in Figure 38 and for the 

spruce in Figure 39. The results of numerical models are shown in Figure 40 for 

pine and in Figure 41 for spruce. 

 
Figure 38. The results of models Mosaic_pits_1 and Mosaic_local_MFA for 

pine. The main MFA of the models is (-10°). 
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Figure 39. The results of models Mosaic_pits_1 and Mosaic_local_MFA for 

spruce. The main MFA of the models is (-10°). 

 

Figure 40. The results of models FEM_local_MFA and FEM_pits for pine. The 

main MFA of the models is (-10°). 
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Figure 41. The results of models FEM_local_MFA and FEM_pits for spruce. 

The main MFA of the models is (-10°). 

4.4 FEM model plots 

The numerical model developed is finite element model which was used to 

simulate the tension test of cell wall. The cell wall was strained to the 0.2 % 

strain and by using the recorded straining force the tension rigidity of cell wall 

was calculated. Moreover, tension rigidity was used then to solve the effective 

longitudinal modulus of elasticity of fiber. The displacement field of models for 

spruce and pine is shown in Figure 42. The virtual tension test method is 

validated by comparing the solved result value of pure cell wall to the input 

value which should basically be an equal. The validation result is shown in 

Figure 43 where it is compared to the input value of material model and to the 

measurements (Cave 1969). The Figures from 44 to 48 are longitudinal strain 

field plots which present the difference in straining behavior between pine and 

spruce species. The plots limits are set thus the areas which absolute strain is 

equal or under the tension test strain 0.2 % are colored, whereas, gray area is 

strained more than 0.2 %. The idea of plots is illustrate the non-uniform straining 

behavior of cell wall. The results of model FEM_pits is shown in Figure 44 for 

the both species.  
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Figure 42. The x-directional displacement field of the cell wall in the simulated 

longitudinal tension test. The maximum displacement 0.933 µm of the right 

boundary is equivalent to 0.2% tension strain. The above specimen is pine and 

the one below is spruce. 

 

Figure 43. The validation of the FEM based virtual tension test method for the 

pure cell wall. The result value of FEM model is compared to the material model 

input value and to measurements (Cave 1969).  
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Figure 44. The x-directional strain fields of the FEM_pits models for pine 

(above) and spruce. The modulus of elasticity of the pits is 1 GPa for both 

species. The limits of the plot are set between zero and 0.2%. Thus, the colored 

regions represent areas with equal strains or strain under tension. 

The effect of modulus of elasticity pits is studied by using developed FEM_pits 

model. The strain field results are shown in Figure 45 for pine and in Figure 46 

for spruce. The results of model FEM_local_MFA show the effect of local MFA 

variation on the straining behavior of the cell wall sample. The results are shown 

in Figure 47 for pine and in Figure 48 for spruce. The strain field results are 

shown for both models for the MOE of pits 5 GPa, 1 GPa, and 0.1 GPa. 
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Figure 45. The longitudinal strain fields of the FEM_pits models for pine with 

three different modulus of elasticity of pits. 

 

Figure 46. The longitudinal strain fields of the FEM_pits models for spruce with 

three different modulus of elasticity of pits. 
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Figure 47. The longitudinal strain fields of the FEM_local_MFA models for pine 

with three different modulus of elasticity of pits. 

 

Figure 48. The longitudinal strain fields of the FEM_local_MFA models for pine 

with three different modulus of elasticity of pits. 
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5 DISCUSSION 

The main aim of this study was to increase understanding about the effect of 

ultrastructural features, such as pits and the local orientation variation of 

microfibrils, on the longitudinal modulus of elasticity of softwood fiber. Another 

aim was to identify, based on the ultrastructural features, a potential explanatory 

factor for the mechanical difference between spruce and pine fibers and to 

demonstrate its influence with modelling tools. 

According to literature, the difference between pine and spruce fibers is in the 

ultrastructural features of their pit structures, which are clearly different in these 

two fiber species. The spruce fiber contains a lot of tiny pits, whereas the pits of 

the pine fiber are bigger and the total number of them is lower. Although the 

spruce fiber contains clearly more pits, the bigger pits occurring in the pine fiber 

turn out to have a stronger influence on the longitudinal modulus of elasticity of 

the fiber. The longitudinal modulus of elasticity of the fiber is strongly 

proportional to the stiffness of the paper produced, which is why it was selected 

to be shown as the result. 

The longitudinal modulus of elasticity of the cell wall model was almost equal 

with the model containing only the S2 layer, as shown in Figure 29. The 

longitudinal modulus of elasticity solved agrees quite well with both the results 

of an earlier modelling study (Sedighi Gilani 2006) and the experimental results 

(Cave 1969). 

The difference between the models for the S2 layer and the whole cell wall are 

more visible when the transverse modulus of elasticity and the modulus of 

rigidity of the models are compared, as shown in Figures 30 and 31. This is 

understandable because the cell wall model also contains a laminae with a higher 

orientation angle, which therefore reinforces transverse and shear properties. The 

differences between the shear coupling coefficients and Poisson’s ratios, shown 

in Table 6, were smaller than expected. Based on the results, it can be concluded 

that the behavior of a fiber could be modeled quite accurately by taking into 

account only the S2 layer, like it is done in many studies. However, the 

calculations related to this thesis are made using the material model of the whole 

cell wall. 
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The effect of pits is studied with the mosaic model developed and the FEM 

model. The results of the mosaic models are shown in Figures 32, 33, 34, and 

35. Mosaic_model_1 gives slightly lower longitudinal modulus of elasticity than 

Mosaic_model_2. This can be seen by comparing the results of pine shown in 

Figures 32 and 34. The effect of pits is almost invisible in the results of the 

mosaic models for spruce, which are shown in Figures 33 and 35. 

The results of the FEM models for spruce and pine show that loosening of the 

pits area from 10 GPa to 10 MPa significantly decreases the longitudinal 

modulus of elasticity of the cell wall, as shown in Figures 36 and 37. For both 

species, the loosening effect is the highest with a low MFA (< (-20)°) when the 

longitudinal modulus of elasticity is rather high.  

The effect of local MFA variation was also studied with the mosaic and FEM 

models for both species. The results of the mosaic model show that the effect of 

local MFA variation is almost the same for both species, as shown in Figures 38 

and 39. The absolute values of pine are slightly lower, but local MFA variation 

seems to decrease the longitudinal modulus of elasticity by about 10%. The 

results of the FEM model for spruce seem to be almost equal with the mosaic 

model. The result of the FEM model for the pine fiber differs from the result of 

the mosaic model.  

Figures 40 and 41 show that, in the case of pine, loosening of pits from 10 GPa 

to 10 MPa decreases the longitudinal MOE of the fiber by almost 10 GPa, 

whereas, in the case of spruce, the decrease is only 4 GPa. The effect of local 

MFA variation is almost equal for the two species and the decrease of 

longitudinal MOE of fiber is 1 to 3 GPa. 

The virtual tension test approach is validated by comparing input value of pure 

cell wall to the solved results which should be the equal. The test gives almost 

equal results for the FEM model as the input value of material model, shown in 

Figure 43. Hence, the approach seems to work correctly.  

Furthermore, the different strain behavior of the species is shown in Figure 44. 

The green color represents areas straining about 0.1%; i.e. these areas are not so 

heavily loaded. The red color refers to a strain of 0.2%, which is the same as the 

tension strain of the specimen. The gray areas are strained absolutely over 0.2%. 

It can be seen that the pine specimen includes more green areas which refer to 

non-load carrying areas compared to the spruce specimen.  
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Figures 45 and 46 show the effect of loosening of pits on the strain behavior of 

the cell wall of both species. For both species, loosening from 5 GPa to 1 GPa 

has a stronger influence on the strain behavior than loosening from 1 GPa to 0.1 

GPa. Figures 47 and 48 also show the effect of loosening of pits. Here, however, 

the local MFA variation is included. Strain fields in Figures 45 and 47 illustrate 

the effect of the local MFA variation on the straining behavior of the cell wall of 

pine fiber. Similarly, Figures 46 and 48 illustrate the effect of the local MFA 

variation on the straining behavior of the cell wall of spruce fiber. The local 

MFA variation seems to reduce the green areas in the results for both species, 

indicating more uniform straining in the cell wall. However, Figure 47 shows 

that the local MFA variation produces local straining peaks between the pits, 

which may have an effect on the fiber strength.  

Some outlining is of course needed to avoid misunderstandings. The geometries 

used for the models are rather simple although based on real micrographs. The 

modulus of elasticity values selected for the pits are based on assumptions not 

exact facts. Thus, the pits are modeled by using a simple geometry and the 

isotropic material, although the geometry and the material of the pits is more 

complex in the real world. Another question is whether the samples represent the 

total truth about the pit structures of spruce and pine fibers. Hence, it can also be 

considered whether the results represent mechanical properties of the whole fiber 

or just those of their samples. Nevertheless, this study appears to be the only 

study so deeply detailed so far and more detailed studies will be presented in the 

future.  
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6 CONCLUSIONS 

This thesis examines the effect of ultrastructural features, such as natural pits 

and local MFA variation, on the longitudinal modulus of elasticity of the cell 

wall of spruce and pine fiber, via modeling tools. In addition, a detailed material 

model for a softwood fiber cell wall, which takes into account the continuous 

polymer distribution and the continuously changing MFA through the cell wall, 

is compared with a simpler material model based on the models used earlier.  

Firstly, the differences detected between the detailed whole cell wall model and 

the S2 layer model were not significant. Therefore, it was possible to model the 

behavior of spruce and pine fibers quite accurately with a simpler material 

model, in which only the S2 layer was included. 

Secondly, the results of the numerical and the analytical models show that the 

pine fiber seems to be more compliant in the longitudinal direction compared to 

the spruce fiber, due to its large window-like pits. In contrast, the spruce fiber 

seems to strain more uniformly along the whole length, which may be an 

indication of its higher ultimate strength. Furthermore, loosening of pits 

increases the non-load carrying areas between the pits, suggesting non-uniform 

strain behavior; hence, loosening of pits might have a significant effect on the 

strength of the fiber.  

Thirdly, local variation of MFA does not seem to significantly affect the 

longitudinal modulus of elasticity, although it reduces the non-load carrying 

areas. However, local variation of MFA produces strain peaks which could act as 

starting points for fractures.  

Finally, summation about the models developed and the future prospects are 

given. The models developed are capable to describe the effect of ultra structural 

features on LMOE of the fiber and the results are as expected in the hypotheses. 

Overall, the outcome of modelling work is successful. The models developed 

take into account ultra structural features as pit structure and local MFA 

variation. The pit structure geometries based on the micrographs and the local 

MFA is produced by using script developed. However, the future development is 

needed to produce more valid data. The material model for pits should be 

developed based on real experimental data. The geometry of model should be 

more accurate and comprising the bigger part of fiber. The material model of cell 
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wall and pits should include plastic or even viscoplastic features and the 

fractures should also be taken into account in calculation. Moreover, further in 

the future would be nice to see studies where the fiber properties are gathered 

with high definition for the input values of mathematical model which is then 

utilized to describe fiber behavior in the papermaking processes. The 

corresponding simulations are already done in the level of paper (Leppänen et al. 

2005, Lipponen et al. 2008a, Lipponen et al. 2008b, Lipponen et al. 2009a, 

Lipponen et al. 2009b). 
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