
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Mechano-Sorptive Creep – 
Structural Origin

on the Single Fiber Level

F A N G  D O N G

Master of Science Thesis
Stockholm 2009



 



Fang Dong

Master of Science Thesis
STOCKHOLM 2009 

Mechano-Sorptive Creep – Structural Origin
on the Single Fiber Level 

 

 

 
 

PRESENTED AT

INDUSTRIAL  ECOLOGY 
ROYAL INSTITUTE OF TECHNOLOGY

Supervisor:
Lennart Salmén 

Examiner: 
Monika Olsson 



 

TRITA-IM 2009:07 
ISSN 1402-7615 
 
Industrial Ecology, 
Royal Institute of Technology 
www.ima.kth.se 



I 

 

Abstract 

The consuming of paper and fibrous products is nowadays tremendous in our daily 

life. The raw material used in the paper industry is mainly wood fibers. A better 

understanding of properties of these fibers will help to improve the performance of 

the paper industry. Fiber deforms with time when subjected to a load, which has to be 

compensated for in packaging materials by the use of thicker papers thus more 

material. This deformation increases in the variable climate. This well-known 

complex phenomenon is called mechano-sorptive creep and leads to large losses in 

the paper industry every year. 

In order to understand the influence on the creep phenomenon of different fiber 

morphology, and how and to what extent the fibril angle affects the mechano-sorptive 

creep, the creep behavior of four series of fibers from spruce were measured by DMA 

(Dynamic Mechanical Analyzer) at a constant humidity climate followed by an 

immediately cyclic humidity. The fibers used were mature latewood fibers, mature 

earlywood fibers, juvenile latewood fibers and juvenile earlywood fibers. The CLSM 

(Confocal Laser Scanning Microscopy) was used to determine the microfibril angle of 

the fibers. The results of the tests show a higher creep rate at cyclic humidity than that 

at constant humidity. The comparisons among fibers show that latewood fibers have 

higher mechano-sorptive creep ratio (creep rate at cyclic humidity/ creep rate at 

constant humidity) than earlywood fibers and that juvenile wood fibers have higher 

creep ratio than mature wood fibers. One of the main conclusions drawn in this study 

was that the higher the fibril angle, the lower was the mechano-sorptive creep ratio.  
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1. Introduction 

Paper and fibrous products are one of the most widely used materials in our daily life. 

They make great contribution in a broad range of areas like packaging, printing, 

newspapers and magazines, for household purpose and so on. 

The amount of the global paper consumption is tremendous. One American may 

consume over 300 kg paper every year, which is almost 2.5 times more than the meat 

they consume in the same year. Over the last 30 years, the paper consumption has 

increased by three times. Between the year 1980 and mid-1990s, the total demand of 

paper products increased by 70%, which is from 156 million tones per year to 266 

million tones per year. (OECD, 2004) Based on the reference scenario, the 

organization for economic co-operation and development (OECD) has predicted that 

the paper consumption will still increase by 77% from 1995 to 2020, with an annual 

average growth of 2.3%. (OECD, 2004)  

Due to the use of more recycled fibers as well as short hardwood fibers some quality 

paper faces increased property challenges. There is always a demand of stronger and 

versatile paper products, which has become one main driver of the development of 

paper and pulp industry to decrease the material costs.  

Wood fibers are the main raw material used in paper industry. A better understanding 

of the basic properties of the fiber would be helpful to develop the product 

diversification and technological development in the paper industry.  

Fibers and fiber material deform with time when subjected to a load. When the 

climate is varied, this deformation will increase. This increased deformation in a 

variable humidity climate is called mechano-sorptive creep, a well know and 

complex phenomenon which is one of the main causes for losses of packages 

affecting thepaper industry every year. 

The purpose of this thesis is to contribute to the better understanding of the 

mechano-sorptive creep phenomenon. Thus the mechano-sorptive creep of single 

fibers derived from different wood positions of a tree have been measured and 

analyzed. The results will supply knowledge to help to improve paper and fibrous 

products. 

 1.1 Classification 

From a general perspective, woods can be divided into two categories: hardwoods 

and softwoods. They all belong to the botanical division Spermatophytes which 
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produce seeds. Spermatophytes include two subdivisions: gymnosperms producing 

naked seeds and angiosperms producing seeds in fruit. (See Figure 1) Gymnosperm 

includes seven classes, conifers trees are among them. In contrast, the angiosperms 

bear broad leaves and can be divided into monocotyledonae, like grasses and palms. 

Broadleaf trees and fruit fiber plants which are generally not used for papermaking 

are included in the class discotledonae. 

Hardwoods are in the subdivision of angiosperms and softwoods characterized by the 

needlelike leaves belong to the gymnosperms. Softwoods have a simpler fibrous 

structure than hardwoods based on only two cell types, whereas hardwoods have a 

more advanced and complex structure, including water conducting vessels which 

perform as the tracheids but not exist in the softwoods. 

The sample investigated in this experiment is in the family pinaceae of the 

gymnosperms, i.e. Norway spruce. It is a kind of commonly used papermaking wood 

in Nordic countries, exists in large quantities, and is available throughout the whole 

year. Spruce can provide fibers of good length, strength and fibers quality. 

 
Figure 1 Botanic classification of papermaking plants (Ilvessalo-Pfäffli, 1995) 

 1.2 Structure of Wood 

Wood tissue is formed through the division of the cells. The growth proceeds in a 

longitudinal direction at the tips of the stem, branches, and roots. Radial growth takes 

place also in the vascular cambium. The structure of wood is composed of different 

layers, which can be illustrated in the cross-section diagram below. (See Figure 2) 

Pith: During the growth of the trees, a series of concentric layers of wood cells are 

laid down around a central core, which is called pith. The pith is the remnant of the 

growing shoot which gives the tree height. The structure of its cell is different from 

the rest of the wood cells. It can be easily recognized as a corky pipe in the middle of 

the tree. 

Heartwood: Heartwood is the wood that has died and become resistant to decay as a 

result of genetically programmed processes. Following annual rings in shape, it 
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appears in the cross-section as a colored circle. Heartwood is usually darker than the 

living wood, and forms with increasing age. It could not be found in the young trees 

but is the predominant part of the stem of old trees. 

Sapwood (xylem): Sapwood is the living wood in the growing tree. Its principal 

functions are to conduct water from the roots to the leaves and meanwhile to store and 

supply water according to the season the wood growing. The more leaves a tree has 

and the more vigorous it grows, the larger is the sapwood region. 

Cambium: The cambium is a very thin layer of cells between the xylem and the bark. 

It produces bark cells for protecting the growth of layers, as well as the wood cells in 

the xylem. It utilizes the sugars produced in the leaves which travel down in the inner 

bark or phloem. 

Phloem: In vascular plants, the phloem is the living tissue that carries organic 

nutrients (known as photosynthtis), particularly sugar, to all parts of the plant where 

the cells need this. It is mainly concerned with the transport of soluble organic 

material which is made during photosynthesis . In trees, the phloem is the innermost 

layer of the outer bark. 

 
Figure 2 Cross-section in a mature tree (Bowyer et al. 2003) 

1.3 Earlywood and Latewood 

Based on different growth seasons, wood can be divided into earlywood and latewood. 

In a cross-section of the wood, the inner portion of an annual ray formed early in the 

season is known as earlywood. It grows mainly from the spring to the end of summer. 

In this period the growth of wood is comparatively rapid. The density of the 

earlywood is relatively low. The cells are larger and have thinner walls than those 

produced later in the growing season. As the growth of ealywood is larger than it in 

the late season, the area of earlywood in the wood cross-section is larger than the 

latewood.  

The outer portion of the annual ring produced late in the growing season is known as 

the latewood. In this time span the growth of wood is comparatively slow. The 

http://en.wikipedia.org/wiki/Root
http://en.wikipedia.org/wiki/Leaf
http://en.wikipedia.org/wiki/Vascular_plant
http://en.wikipedia.org/wiki/Biological_tissue
http://en.wikipedia.org/wiki/Nutrients
http://en.wikipedia.org/wiki/Photosynthesis
http://en.wikipedia.org/wiki/Tree
http://en.wikipedia.org/wiki/Bark
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density of the latewood is relatively high. The cells are smaller and have thicker cell 

walls than those produced earlier in the season. Latewood contains more cellulose, 

and less lignin than earlywood. 

Within a growth ring, the change from earlywood to latewood is gradual. But because 

each layer of earlywood from the next growing season makes an abrupt contrast to the 

latewood before it, the difference between earlywood and latewood is obvious in a 

wood cross-section. This difference leads to the perception of rings. Figure 3 below 

shows the difference between earlywood and latewood. The darker part L is the 

latewood and the brighter part E stands for the earlywood. 

 
Figure 3 Annual ring of Scots pine, the darker part L is the latewood and the brighter part E 

means earlywood (Ilvessalo-Pfäffli, 1995) 

1.4 Juvenile and Mature Wood 

The division into juvenile wood and mature wood is based on the different growth 

period of the wood lifetime. In the first several years of growth what a tree produces 

is juvenile wood, which can be observed as the area extending outward from the pith. 

The characteristic of the juvenile wood changes markedly as it is produced from year 

to year in each successive growth ring. The growth of juvenile wood is rather rapid. 

The latewood occupies a relatively lower percentage in the juvenile wood. Then 

during a “transition” period from 5 to 20 years of age, the characteristics of the wood 

produced gradually improve until a relatively constant state. This latter kind of wood 

is known as mature wood. 

Figure 4 below shows the difference between juvenile wood and mature wood. It 

shows also that the juvenile wood has comparably lower specific gravity, cell length 

and thinner cell walls but higher fibril angle and longitudinal shrinkage than the 

mature wood. (United State department of agriculture, 1998) 
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Figure 4 Characteristics of mature wood and juvenile wood  

(United State department of agriculture, 1998)  

1.5 Chemical Composition of Wood 

The chemical composition of wood is principally carbon, hydrogen, and oxygen. The 

elemental constituents of wood are combined into a number of organic polymers 

which mainly include cellulose, hemicelluloses, lignin and small amounts of pectins 

and proteins. 

1.5.1 Cellulose  

Glucose and other simple sugars are the main productions of the photosynthesis which 

is the process that combines water and carbon dioxide and give energy to the green 

plant. After its formation, glucose may convert to starch or other sugars like glucose 

6-phosphate and fructose 6-phosphate and then to sucrose. Sucroseand other sugars 

are transported through the plant to supply energy; and in this process they 

arehydrolyzed to form glucose and fructose. According to the chemical reaction in 

this process, the glucose molecules join together end to end by eliminating one water 

molecule between neighboring units, then forming the polymer: cellulose-(C6H10O5)n. 

n can be up till 10,000 to form a very large structure. Figure 5 shows the basic 

structure built up cellulose. (Bowyer et al., 2003) 

 
Figure 5 The molecular structure of cellulose 

1.5.2 Hemicelluloses 

Hemicelluloses ares the chemicals that form as other six-carbon and five-carbon 

sugars manufactured in the photosynthesis. Generally it has only some hundreds of 

sugar units. In contrast to cellulose which is partly crystalline, strong, and resistant to 

hydrolysis, hemicellulose has a random, amorphous structure with less strength. It is 
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easily hydrolyzed by dilute acids or bases. (RPI, 1996) Its main function is believed to 

be the regulation of the three-dimensional structure of cellulose. (Atalla, 1997) 

1.5.3 Lignin 

Based on phenyl propane units, lignin forms a complex and high molecular weight 

polymer. It appears both between individual cell and within the cell walls. It is 

difficult to isolate in native form. The main purpose of lignin is to mechanically 

support the cellulose. (Bowyer et al., 2003) 

1.6 Mechanical Property 

1.6.1 Fibril Angle 

The fibril angle is the most important parameter that determines the physical and 

mechanical properties of the fiber. The fibril angle affects the basic mechanical and 

physical properties of wood fibers, which in turn influence the final characteristics of 

paper products. (Wimmer, 1992) 

As shown in Figure 6, the fiber wall in wood fibers consists of four primary layers. 

The secondary cell wall of wood fibers is thick and usually consists of three layers. 

The middle, secondary wall (S2) layer determines most of the properties of the fiber 

since it contribute to 80% of the total thickness of the cell wall. Microfibrils in this 

layer have a sharp angle between 0 to 20º to the fiber axis. It thus contributes greatly 

to the strength and stiffness of the fiber. The angle of microfibrils in this layer is 

called the fibril angle (see Figure 6). The fibril angle varies from the pith to the bark. 

Juvenile wood has higher fibril angle than the mature wood. Within an annual ray, the 

fibril angle of earlywood is known to be higher than that of latewood. (Bergander et 

al., 2001) 

 
Figure 6 Fibril angles in the cell wall layers, P (the primary cell wall). S1 (secondary cell wall 1), 

S2 (secondary cell wall 2), S3 (secondary cell wall 3) (Eder, 2007) 

There are mainly three basic methods for measuring the microfibril angle in wood cell 

walls: X-ray diffraction (Cave 1996; Boyd 1997; Stuart and Evans 1994), polarized 
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light microscopy (Preston 1934, Manwiller 1966; Page 1969: Leney 1981) and direct 

or indirect observation. Confocal laser scanning microscopy (CLSM) was applied to 

measure the fibril angle in this study. 

1.6.2 Elastic Modulus (E-modulus) 

When the fiber is subjected to a load, the force applied and the deformation has a 

positive proportional relative, this proportional coefficient is the elastic modulus 

(E-modulus) of the material. It is defined as the slope of stress-strain curve of the 

material in the elastic deformation region. It describes the tendency for a material to 

be deformed elastically. The higher the E-modulus, the larger stress is needed for a 

certain deformation of the material, or in other word, the less deformation is seen 

when subjected to a certain stress. The E-modulus is a parameter reflecting the 

stiffness of the material and its ability to resist the deformation. 

1.7 Mechano-Sorptive Creep  

Creep is defined as the actual deformation over time due to the presence of a constant 

load (Sedlachek, 1995). The creep of paper and fibrous materials make them deform 

with time when subjected to a load. This kind of phenomenon also appears in single 

fibers when subjected to a load in a humid environment.   

 

 
 

 

 
Figure 7 Creep in compression of boxes 

 

 

When the climate is varied the creep deformation increases. This increased 

deformation is called mechano-sorptive creep. It is the reason why boxes fail in 

varying climate as illustrated in Figure 7, leading to large economic losses. Creep in 

paper largely reduces the lifetime of a box. Creep may be associated with the flow 

factors of the material, no matter it is viscous or plastic; molecular or structural; 

recoverable or unrecoverable. (Coffin, 2005) 

Mechano-sorptive creep was independently reported in the literature mainly in the 

field of wood in the late 1950s and early 1960s (Armstrong and Kingon, 1960, 

Armstrong and Christensen, 1961) and in the field of paper in the 1970s (Byrd, 1972a, 

Byrd 1972b). In the 1990s mechano-sorptive creep was also observed for some 

synthetic fibers, for example Kevlar etc. (Wang et al. 1990) and so on. 

http://en.wikipedia.org/wiki/Slope
http://en.wikipedia.org/wiki/Stress-strain_curve
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1.7.1 Mechano-Sorptive Creep on Wood  

Mechano-sorptive creep of wood has been known since 1960s. Experiments on single 

wood fibers, taking spruce fiber as an example, have also been performed to prove 

this phenomenon at a microscopic scale (Olsson, Salmén, 2007a, Navi etc, 2002, 

Armstrong and Kingston, 1960). It has thus been demonstrated that single fibers 

exposed to cyclic humidity environment has a larger creep than when it exposures to 

constant humidity. This phenomenon is also observed for single fibers of pine (Coffin 

and Boese, 1997).  

It can be easily seen from the Figure 8 below of the experiments carried out by Olsson 

and Salmén (Olsson, Salmén, 2007a) that wood fibers show mechano-sorptive creep. 

The single wood fiber is subjected to a constant humidity at 80% and then to a 

changing humidity from 30% to 80%. Based on the large amount of results of the 

experiments, it was shown that the creep in the cyclic humidity from 30%-80% was 

larger than creep in constant humidity of 80%, as shown in Figure 8. It was also 

proven that the higher the stress, the higher was the creep of the single wood fiber 

(see Figure 9). 

    
Figure 8 Mechano-sorptive creep of wood fibers (Olsson, Salmén, 2007a) 

 
Figure 9 Creep Strain for fibers tested at different stress, 

high 440 MPa, low 280 MPa (Olsson, Salmén, 2007a) 

1.7.2 Mechano- Sorptive Creep of Paper 

Mechano-sorptive creep for paper has been known since 1972 (Byrd, 1972, Coffin 

and Boese, 1997, Alfthan, 2004). In other words, the creep rate of paper is also 
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accelerated by humidity variation, i.e. the creep of paper in cyclic humidity is higher 

than that in constant humidity. 

Comparing the mechano-sorptive creep between wood fibers and paper, it is shown 

that paper has relatively higher mechano-sorptive creep ratio (creep strain rate in 

cyclic humidity/ creep strain rate in constant humidity) than wood fibers (Olsson, 

Salmén, 2007b). (See Figure 10) It means that the mechano-sorptive creep is larger in 

paper than in wood fibers. 

 
Figure 10 Comparison of mechano-sorptive creep between wood and paper  

(Olsson, Salmén, 2007b)) 

The effect of the bonding between the fibers is also discussed in creep. The creep 

behavior either measured under constant humidity or cyclic humidity would remain 

unchanged by differences in specific bond strength. Thus bonding is not the main 

controlling factor that determines creep behavior. However bonding makes some 

effect at low load for wet pressed sheets. (Coffin and Boese, 1997, Demaio, 2006) 

1.7.3 Mechano-Sorptive Creep in Fibers 

Mechano-sorptive creep has been proved to occur for other fibrous materials than 

wood fibers. Many fibrous materials show an accelerated creep in cyclic humidity 

compared to constant humidity, for example, wool (Mackay and Dowes, 1959) and 

Kevlar (Wang et al. 1990, C. C. Habeger and Coffin, 2001), Polyurethane foams 

(Wang et al. 1992), Lyocell fibers (Habeger and Coffin, 2001) and ramie fibers 

(Habeger and Coffin, 2001) 

But this phenomenon is also observed less likely to occur in some other kinds of 

fibrous materials. It has been proved that Nylon-6, 6 (Salmén and Fellers, 1996) and 

rayon fibers (Jackson, 1997) do not exhibit mechano-sorptive creep. 

1.8 Mechanism 

The phenomenon of mechano-sorptive creep has been extensively studied since it was 

discovered. Even if a lot of work has been done in this area; the mechanism of 
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mechano-sorptive creep has not been well established. Here are mentioned some well 

explained suggestions, mainly including the theory of material-specific interfiber 

mechanisms, sorption-induced stress gradients and the view from the molecular 

perspective. 

1.8.1 Material-Specific Interfibrer Mechanisms 

One possible explaination is the material-specific interfiber mechanism, which means 

that, mechano-sorptive creep is the result of transient redistributions of stresses during 

moisture content changes combined with non-linear creep behavior of the material. 

In this theory, the stress redistributions are considered as the cause of the anisotropic 

hygroexpansion of the fibers in the humidity cycle. It gives a mismatch of 

hygroexpansive strains at the bonds. This redistribution leads to an uneven stress state. 

If the creep of the material depends non-linearly on stresses, the creep rate in the spot 

where the stresses are high will increase. This increase of the creep rate is larger than 

the decrease of the creep rate where the stresses are low. So overall there will be an 

increase in creep rate in average. The stress distribution will even out as the stresses 

relax during creep, and subsequent changes of the moisture content create a new 

uneven stress state. So the accelerated creep in the cyclic humidity is maintained. 

(Alfthan, 2004) 

The major advantage of this mechanism is that the mechano-sorptive creep turns out 

to be a natural consequence of regular creep. It has been demonstrated that the 

accelerated creep based on this model is linear to the stress applied to the paper. 

(Alfthan, 2004) 

1.8.2 Sorption-Induced Stress Gradients  

Another explanation is the theory of sorption-induced stress gradients which is also 

based on that the accelerated creep is a result of nonlinear creep combined with a 

redistribution of stresses occurring during each cycle of moisture. (Coffin and Boese, 

1997) But differently from the material interfiber mechanisms, this redistribution of 

stresses is the result of either constantly changing moisture gradients or material 

heterogeneity.  

To make this mechanism work, the essential presumption is that the creep rate versus 

load should be nonlinear. Because the material response is nonlinear, the creep 

response to a distributed load will be different, from the response to an average load. 

Thus, it is quite easy to get higher levels of creep in a state of continuous stress 

redistribution than when the stress is uniformly distributed in the most compliant state. 

(Habeger and Coffin, 2000) (See Figure 11)  
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With this mechanism, accelerated creep can be easily explained and no extraordinary 

phenomenon is required to support it. So the creep under cyclic humidity is the same 

as the creep at constant humidity. The different creep rate is only a caused by the 

changes in the stress distribution producing the different amounts of creep. (Habeger 

and Coffin, 2000) 

 
Figure 11 Mechanism of sorption induced stress gradients 

1.8.3 Molecular Views   

Considering the interpretation on a molecular level of the mechanism, Gisbon (1965) 

postulated that the strain increment observed in humidity cycling could result from 

continuous breaking and reforming of hydrogen bonds through the movement of 

water, instead of from a change in the elastic modulus. In the drying process, 

hydrogen bonds reform, but the location is different by the influence of the applied 

stress.  

It should be assumed that not all the hydrogen bonds break during wetting, so only 

part of the potential sites are available for binding with water molecules when drying. 

If all the sites, accessible and inaccessible, are in adynamic equilibrium during 

changes in humidity, it would be a return to a local energy minimum in a whole 

humidity cycle. The alteration of the local hydrogen bonds towards more stable 

conformations changes the original conformation of the slow relaxation of molecular 

chains. This kind of change leads to the deformation. This may be a reasonable 

explanation of mechano-sortive creep. (Navi, 2002) 

1.9 Techniques 

1.9.1 DMA 

Dynamic mechanical analyzer (DMA) (See Figure 12) is becoming more and more 

widely used in analytical work. It is mainly used to observe material performance, 

like the viscoelastic nature of polymers. In this experiment, DMA is used for 

measuring the longitudinal deformation of single wood fibers to reflect their 

mechano-sorptive creep properties. 



Master Thesis by Fang Dong  

12 

DMA can be simply described as applying an oscillating force to a sample and 

analyzing the material’s response to that force. Properties like the modulus tendency 

to flow (viscosity), from the phase lag and the stiffness (modulus), from the sample 

can be calculated.  

When subjected to a stress, a material will exhibit a stain deformation. The dynamic 

stress-strain has a response as shown in Figure 13; these data traditionally are 

obtained from mechanical tensile testing at a fixed temperature. The ratio of stress to 

strain is the E- modulus.  

 
Figure 12 Illustration of a DMA 

 
Figure 13 Principles of DMA measurements 

One advantage of a DMA is that one can obtain a modulus each time when a sinus 

wave is applied. This allows one to sweep across a certain temperature or frequency 

range. 

Creep is one of the most fundamental tests of material behavior and directly applied to 

product performance and can be easily studied using a DMA (Menard, 2008) Figure 

14 shows the creep behavior of wood fibers measured by DMA. 

 
Figure 14 Creep curve of single wood fiber recorded by DMA  

(Measurement Figure from this study) 
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1.9.2 CLSM  

The technique of confocal laser scanning microscopy (CLSM) is adapted to obtain 

high-resolution optical images in three dimensions and is widely used in medicine and 

biology science. It has been developed to measure the orientation of fibrils in the S2 

layer of wood fibers to determine the fibril angle of the wood fiber (Jang, 1998).  

CLSM is based on fluorescence dichroism of the fiber wall when it is dyed with 

specific fluorescence. The dyed fibers emit the strongest fluoresce when the excitation 

light is polarized parallel to the cellulose fibril. The fluorescent intensity depends on 

the direction of the plane of polarization of the incident light (Jang, 1998). Optical 

sectioning with a confocal microscope allows observations of the fluorescent intensity 

from a given layer within the wall with minimal interference from layers above and 

below, including the opposite wall. Thus the fibril angle of the S2 layer can be 

determined simply from the change in fluorescent intensity due to the changing of the 

polarization angle of the excitation light (Jang, 1998). 

CLSM can produce in-focus images of thick specimens, which is known as optical 

sectioning. The images are acquired point-by-point and then reconstructed by a 

computer. In this way, cross-section areas of fibers have been determined. 

http://en.wikipedia.org/wiki/Image_resolution
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2. Aims & Objectives 

2.1 Aim 

The tensile properties of fibers vary depending on the angle of the cellulose micro 

fibrils in the cell wall. This angle varies depending on the wood species and of the 

different origin of the fibers as juvenile and mature wood. The purpose of this study 

was to determine how and to what extent the fibril angle in fibers and fiber type 

influence mechano-sorptive creep. 

2.2 Objectives 

1) Investigate the mechano-sorptive creep of single wood fiber from spruce taken at 

different positions 

2) Compare the mechano-soptive creep between latewood and earlywood 

3) Compare the mechano-sorptive creep between mature wood and juvenile wood 

4) Study how and to what extent the fibril angle influence mechano-sorptive creep 

3.  Methodology 

The experiment began from isolation of single fibers from different wood sources. 

This was done under a light microscope using a mechanical method. The material 

used in this experiment was Norway spruce. The measurement of the 

mechano-sorptive creep of the isolated fibers in varying climate was made in a DMA 

(dynamic mechanical analyzer), a small tester, equipped with a humidity generator. 

Fiber dimensions and the fibril angle were analyzed with CLSM (confocal scanning 

laser microscopy).  
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4.  Experiment 

4.1 Preparation of Samples – Isolation of Single Wood Fibers 

The wood fibers tested in the experiments were isolated under a light microscope 

from native spruce wood using a mechanical method. The wood samples were 

obtained from a Norway spruce (Picea abies L. Karst) thinning (cuttings before a 

tree’s maturity) taken at a height of 1.5m. Totally four series fibers were prepared in 

this experiment. These were: mature latewood fibers, mature earlywood fibers, 

juvenile latewood fibers and juvenile earlywood fibers. Figure 15 below shows the 

block where the samples were taken. There were 34 annual rings in this block totally. 

Juvenile latewood fibers and juvenile earlywood fibers were taken from the fifth 

annual ring from the inner of the block. Mature latewood fibers were taken from the 

28th annual ring and mature earlywood fibers were taken from the 29th annual ring. 

(See Figure 15) 

                            
Figure 15 Wood block showing the annual rings where the samples were taken from 

Fiber isolation was made from a wood block of spruce wood. From this 150μm thin, 

longitudinal-tangential tissue slices were cut from each tissue type using a microtome. 

In order to keep the original property of the fiber, single fibers were then isolated by 

the mechanical method. To make the isolation easier, the slice was put in warm water 

for a while to make it soft. The single fibers were isolated only by the use of very fine 

tweezers, by pulling the fibers in the longitude direction under a transmission light 

microscope (Burgert et al., 2005). As soon as the fibers had been isolated, they were 

dried under glass slides to avoid twisting. All the samples in the four series were 

prepared in the same way. 

4.2 Testing of the creep 

The mechano-soptive creep of fibers was tested in a dynamic mechanical analyzer 

(DMA). The air dried single fiber was glued onto a probe with cyanoacrylate glue. 

Earlier studies shows that the glue used did not contribute to any creep observed in 

wood fibers. (Olsson, Salmén, 2007a) The probe was then clamped in the DMA and 

Samples from mature latewood 

Samples from mature earlywood 

Samples from juvenile latewood 

Samples from Juvenile earlywood 
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the fiber was held between the probe and the metal holder which had been fixed in the 

DMA in advance. (See Figure 16) The clamp gap between the probe and the metal 

holder was 2.1mm.  

 
Figure 16 Dynamic mechanical analyzer; the left figure shows the clamp for mounting fibers 

The mounted fiber is shown in Figure 17. It took 45 minutes for the glue to dry with 

no load applied in an environment of 80% RH, which was the starting climate of the 

constant creep test. 

 

 

 

 
                             Figure 17 The mounted fiber within DMA 

 

 

Before subjecting the fiber to the static force, a static stress scan was made from 0 mN 

to the chosen static force. The fiber was then unloaded and conditioned for at least 10 

min to reach equilibrium under which time the fiber elongation retracted. After this 

step, the static force was applied at the creep measurement load and kept constant 

during the rest of the measurement. The chosen load was applied gradually in 

relatively small steps to prevent the fiber from breaking. Under the set humidity 

program, the deformation was recorded. After the measurement, the fiber was again  

subjected to a static stress scan from zero load to the breaking force at a stress rate of 

100 mN/min, and from the stress- strain curve, the elastic strain ε0 of fiber was 

determined. For each morphological group, at least five fibers were tested. 

The humidity required for the experiment in the DMA was generated by a Tecnequip 

humidity generator. It mixes dry and water-saturated air streams in a pre-determined 
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ratio to supply the selected relative humidity. The changing from one climate to the 

other is thus very fast. The temperature was kept at a constant condition at 30℃. The 

program used in the experiments was constant relative humidity (RH) of 80% at 30℃ 

for 2 hours, followed by cyclic changes between 30%-80% for 10 times at which each 

step lasted for 30min. Finally the program ended at 80% RH for a 2 hour period. 

4.3 Confocal Laser Scaning Microscopy (CLSM) for Cross-Section 

and Fibril Angle Measurement 

The tested fibers i.e. the broken fiber segments were carefully removed from the 

metal clamps for measurements of cross-section area and microfibril angle. The 

samples were firstly stained with a solution 0.25% primulin in water at room 

temperature and then washed with water. Stained sections were then mounted 

between microscope slides and a cover slip in immersion oil. A Bio-Rad 600 confocal 

laser scanning system equipped with a Nikon optiphot-2 upright microscope with a 

coaxial rotating object stage was used. Figure 18 shows the layout of the CLSM.  

 
Figure 18 The CLSM is composed of a regular florescence microscope, including scan head, laser 

optics and the computer 

After viewing under the microscopy, images of the fiber were recorded to measure its 

cross-section area (Figure 19). The image was captured at the cross section in the 

middle position of the broken fiber. 

 
Figure 19 Image of fiber cross-section recorded by CLSM 

When measuring the fibril angle, a half-wave plate with rotating possibilities was 

inserted between the scan head and the specimen. The plane of polarization of the 

excitation light was rotated at each 10º over an interval of 180º to record the data. 
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Totally 19 images were recorded to reflect the fiber’s florescent intensity. (see Figure 

20) 

 
Figure 20 19 Imagines were recorded by CLSM to reflect fiber’s florescent intensity 

The laser beam was focused on the upper layer first, and then the confocal plane was 

lowed 0.5μm three times by lowering the laser beam at the middle section. This 

ensures that the results were based on the measurements of fibril angle of the S2 layer. 

If all measurements originated from the S2 layer, an average value was calculated to 

determine the fibril angle of the fiber. 
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5. Result and Discussion 

5.1 Measurement of Individual Fiber Creep 

The intention of the experiments was to investigate mechano-sorptive creep of fibers 

from different positions of the wood and to compare the creep behavior among them. 

The test of each fiber includes a constant humidity period followed by a cyclic 

humidity period related to constant creep and cyclic creep respectively. In this process, 

the deformation of the fiber was recorded by a DMA as show in Figure 21. This is an 

example of the deformation of a mature latewood fiber when loaded at 30℃ with a 

stress of 50 mN. 
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Figure 21 Example of measurement of creep strain of a mature late wood fiber loaded at 30℃ 
with a stress of 50 mN 

The creep strain rate was usually calculated by a linear regression analysis of the 

creep stain versus logarithmic time. The relation between creep strain and logarithmic 

time is show in figure 22, taking a mature latewood fiber as an example. The total 

strain εtotal measured includes both the elastic strain εe and the creep strain εc, which 

can be expressed as 

εtotal=εe + εc 

The elastic strain mainly relates to the uploading period, which was mainly 

considered to be less than 1min. The dominating strain in the measurement at the 

period after 1min relates only to the creep strain. When analyzing the data, the point 

below 1 min was disregarded in the logarithmic time scale, i.e. the elastic strain εe was 

disregarded due to the loading of the fiber and the creep strain εc was set to zero at 

this time. So what the curve in figure 22 reflects is the creep strain. It can be seen that 

the creep strain rate at cyclic humidity is higher than the creep strain rate at constant 

humidity.  
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Figure 22 Example of creep strain of a mature latewood fiber of spruce, as a function of 

logarithmic time. The fiber was loaded at 30℃ with a stress of 50 mN 

5.2 Measurement of Fibril Angle 

When measuring the fibril angle, the plane of polarization of the excitation light is 

rotated at each 10º over an interval of 180º, 19 images were recorded to reflect the 

florescent intensity of the fiber. The recorded intensities of these images were 

analyzed by the image analysis software Optimas 6.0 and then plotted against the 

angle of incident polarization. (see Figure 23) 

 
Figure 23 Difluorescence pixel intensity of a fiber at different incident polarization angle of the 

light 

In order to accurately determine the fibril angle, the plotted values were adjusted to 

the formula below (Jang, 1998) 

I = Acos
2
(P-θ) + Imin 

In this formula, I is the difluorescence pixel intensity, A is the amplitude of the curve, 

P is the angle of incident polarization, θ is the fibril angle, and Imin is the minimum 

difluorescence pixel intensity. The maximum intensity is obtained when P=θ. The 

I = 121.5cos
2
(P -θ) + 49.2 
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linear regression curve between P and  was used to calculate, the 

intercept as θ. 

The fibril angle each of fiber tested is listed in appendix 1. The average fibril angle of 

each fiber morphological group is givenin Table 1. It can be seen that, as expected, 

the fibril angle of earlywood is higher than that of latewood and juvenile wood fibers 

have higher fibril angle than mature wood fibers. 

Table 1 Fibril Angle of different fiber morphologies 

Morphology 

Mature 

latewood 

fibers 

Juvenile 

latewood 

fibers 

Mature 

earlywood 

fibers 

Juvenile 

earlywood 

fibers 

Fibril angle (º)  9.3 ± 4.0 12.5± 1.9 14.1 ± 4.6 17.2 ± 5.8 

5.3 Creep Measurement of Fibers of Different Morphology 

Figure 24 shows creep strain rate at cyclic humidity versus creep strain rate at 

constant humidity of all fibers tested in the group of mature latewood fibers of spruce. 

A linear regression of the data indicates an average MSC-ratio as 2.18. The 

MSC-ratio (mechano-soptive creep ratio) is the slope which reflects the creep strain 

rate in cyclic humidity divided by the creep strain rate at constant humidity, defined 

as: 

MSC- ratio =  

 
Figure 24 Creep strain rate at cyclic humidity versus creep strain rate at constant humidity, for 

mature latewood fibers 

The elastic strain εe reflects the initial deformation of the fibers at the set stress. It was 

calculated from the static stress scan of the fibers following the creep measurement. 
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(See Figure 25) By plotting creep strain rate against the elastic strain, effects of 

different loads and of the elasticity of the fibers are compensated for.  

 
Figure 25 Example of the stress-strain curve of a mature latewood fiber 

Figure 26 and figure 27 show the relations between creep strain rate at constant 

humidity and εe and the relation between creep strain rate at cyclic humidity and εε. 

Based on this analysis, the linear regressions show that the average creep strain rate at 

constant humidity was 0.25 and the average creep strain rate at cyclic humidity was 

0.59 for the group of mature latewood fibers of spruce. (Table 1) The scatter in these 

relations is however rather large. 

 
Figure 26 Relation between creep strain 

rate at constant humidity and εe, for mature 
latewood fibers 

 
Figure 27 Relation between creep strain 
rate at cyclic humidity and εe, for mature 

latewood fibers 

σ reflects the strain imposed on the fiber, i.e. the load per unit cross section area of the 

fiber 

 σ=  

The relation between creep strain rate and σ both at constant and cyclic humidity is 

show in figure 28 and figure 29. As the stress of the fiber increases, the creep strain 
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rate also increased. For these plots the scatter is somewhat better than for the relation 

against strain εe. 

 
Figure 28 Relation between creep strain 

rate at constant humidity and σ, for mature 
latewood fibers 

 
Figure 29 Relation between creep strain 
rate at cyclic humidity and σ, for mature 

latewood fibers 

For analyzing the relations between creep strain rate and microfibril angle, one have 

to disregard the effect of different stresses. This is possible by plotting the normalized 

creep strain rate, i.e., εc(t)/ εe. For mature latewood fibers of spruce, the normalized 

creep strain rate increased as the fibril angle increase both at constant and cyclic 

humidity (See Figure 30 and 31). Figure 32 show that the higher the fibril angle, the 

lower was the MSC-ratio.  

 
Figure 30 Relation between normalized 

creep strain rate at constant humidity and 
fibril angle, for mature latewood fibers 

 
Figure 31 Relation between normalized 

creep strain rate at cyclic humidity and fibril 
angle, for mature latewood fibers 
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Figure 32 Relation between MSC-ratio and fibril angle, for mature latewood fibers 

The corresponding results and analysis from all of the four test series of fibers: mature 

latewood fibers, mature earlywood fibers, juvenile latewood fibers and juvenile 

earlywood fibers are shown in Appendix 1.  

5.4 Comparison of the Creep between Latewood Fibers and 

Earlywood Fibers 

As the objective of this study was to compare mechno-sorptive creep between 

different morphologies, Table 2 and Figure 33 shows a comparison of creep between 

latewood fibers and earlywood fibers of mature spruce and Table 3 and Figure 34 

shows a comparison of creep between latewood fibers and earlywood fibers of 

juvenile spruce. It is evident in the two figures that latewood fibers exhibited higher 

mechano-soptive creep ratio than earlywood fibers. 

This could be related to the fact, shown in Table 2 and Table 3 that the fibril angles of 

the latewood fibers are lower than those of the earlywood fibers. In constant humidity, 

latewood fibers exhibited somewhat lower normalized creep strain rate than 

earlywood fibers, but in the cyclic humidity, latewood fibers exhibit higher 

normalized creep strain rate than earlywood fibers.  

Table 2 Comparison of creep properties of latewood fibers and earlywood fibers of mature 
spruce 

Morphology 

Average 

normalized 

creep strain rate 

in constant 

humidity(%/ 

log(time, min) 

Average 

normalized 

creep strain 

rate in cyclic 

humidity(%/ 

log(time, min) 

Average 

MSC- 

ratio 

Average 

fibril 

angle 

(º) 

Mature latewood of 

spruce 
0.30 ± 0.24 0.76 ± 0.29 2.36± 0.59 9.3 ± 3.1 

Mature earlywood 

of spruce 
0.33 ± 0.16 0.53 ± 0.16 1.69± 0.39 14.1 ± 4.6 
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Figure 33 Comparison of creep properties of latewood fibers and earlywood fibers of mature 
spruce 

Table 3 Comparison of creep properties of latewood fibers and earlywood fibers of Juvenile 
Spruce 

Morphology 

Average 

normalized 

creep strain rate 

in constant 

humidity(%/ 

log(time, min) 

Average 

normalized 

creep strain 

rate in cyclic 

humidity(%/ 

log(time, min) 

Average 

MSC- 

ratio 

Average 

fibril 

angle 

(º) 

Juvenile latewood 

of spruce 
0.33±0.15 0.68±0.36 2.00±0.22 12.5 ± 1.9 

Juvenile earlywood 

of spruce 
0.44±0.25 0.63±0.16 1.40±0.49 17.2 ± 5.8 

 
Figure 34 Comparison of creep properties of latewood fibers and earlywood fibers of Juvenile 

Spruce 
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5.5 Comparison of Creep between Mature Wood Fibers and Juvenile 

Wood Fibers 

Table 4 and Figure 35 show the comparison of creep between mature wood fibers and 

juvenile wood fibers of latewood, and Table 5 and Figure 36 show the comparison of 

creep between mature wood fibers and juvenile wood fibers of earlywood. It is 

evident in the two figures that juvenile wood fibers exhibited higher mechano-soptive 

creep ratio than that of mature wood fibers.  

Table 4 Comparison of the creep properties of mature wood fibers and the juvenile wood fibers 
of latewood spruce 

Morphology 

Average 

normalized 

creep strain rate 

in constant 

humidity (%/ 

log(time, min) 

Average 

normalized 

creep strain 

rate in cyclic 

humidity (%/ 

log(time, min) 

Average 

MSC- 

ratio 

Average 

fibril 

angle 

(º) 

Mature latewood of 

spruce 
0.30 ± 0.24 0.76 ± 0.29 2.36± 0.59 9.3 ± 3.1 

Juvenile latewood 

of spruce 
0.33±0.15 0.68±0.36 2.00±0.22 12.5 ± 1.9 

 
Figure 35 Comparison of creep properties of mature wood fibers and juvenile wood fibers of 

latewood spruce 

The results could be related to the fact shown in Table 4 and Table 5 that the fibril 

angles of the mature wood fibers are lower than those of the juvenile wood fibers. In 

constant humidity, the mature wood fibers exhibit lower normalized creep strain rates 

than the juvenile wood fibers, but in cyclic humidity, it don’t follow this normal 
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regulation, It can be drawn that in the constant humidity, the higher the fibril angle, 

the higher was the normalized creep strain rate. In the cyclic humidity, the normalized 

creep strain rate did not always increase/decrease as the fibril angle increase. The 

result was that the higher the fibril angle, the lower was the mechano-sorptive creep 

ratio. 

Table 5 Comparison of creep properties of latewood fibers and earlywood fibers of juvenile 
spruce 

Morphology 

Average 

normalized 

creep strain rate 

in constant 

humidity 

(%/log(time, 

min) 

Average 

normalized 

creep strain 

rate in cyclic 

humidity(%/log 

(time, min) 

Average 

MSC- 

ratio 

Average 

fibril 

angle 

(º) 

Mature earlywood 

of spruce 
0.33 ± 0.16 0.53 ± 0.16 1.69± 0.39 14.1 ± 4.6 

Juvenile earlywood 

of spruce 
0.44±0.25 0.63±0.16 1.40±0.49 17.2 ± 5.8 

 

 
Figure 36 Comparison of creep properties between latewood fibers and earlywood fibers of 

juvenile spruce 

Through the comparisons of creep between latewood fibers and earlywood fibers and 

between mature wood fibers and juvenile wood fibers, there seems to be an inverse 

relationship between mechano-sorptive creep ratio and fibril angle. Usually higher 

E-modulus result in a lower creep strain rate in fibers, (Olsson, Salmén, 2007a) as 

also seen here. However in the cyclic humidity climate, this relation is seems not to be 

valid. This may be due to the swelling in the cross direction affecting the creep. Thus 

the deformation may be related to the hygroexpansion. It has been proved that there is 
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no straight way to separate hygroexpansion strain from the creep strain (Alfthan, 

2004) 

5.6 Some Special Phenomenon 

Although the majority of the measurements show that the creep strain rate at cyclic 

humidity was higher than the corresponding creep strain rate at constant humidity, 

two measurements in the group of the mature earlywood fibers of spruce and one in 

the group of the juvenile earlywood fibers of spruce showed the opposite result. 

Figure 37 shows an example where the creep strain rate at cyclic humidity was lower 

than that in the corresponding constant humidity. However in this case the creep strain 

rate at constant humidity showed a very anomalous behavior in that the strain rate was 

decreasing with time. In fact one should instead have been taken the creep strain are 

constant humidity at times after the cyclic period. Due to the very long time spans 

(log time) required, this was not feasible. 

 
Figure 37 Measurement of the earlywood fiber showing an opposite result: the creep strain rate 

at cyclic humidity was lower than that at constant humidity 

The measurement by the CLSM shows that the fibril angle of this special sample 

(mature earlywood fiber of spruce) was 5°, the cell wall area is 125,178 μm
2
, which is 

smaller than for the other samples in the same group of mature earlywood fibers of 

spruce. All the experimental operations were the same as the measurements of the 

other samples as described in this report. Further investigations are required in order 

to explain this phenomenon. 

5.7 Uncertainties 

In the whole process of measurements of each series of fibers, not all the fibers were 

kept well to the final test of fibril angle. In each group, six to eight fibers were tested 

for the dynamic mechanical analysis, but only around five fibers were possible to 

measure by the confocal laser scanning microscopy. 
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Although some measures have been taken to avoid fiber twisting, it cannot be 

excluded that this has occurred when the fibers were mounted to the probe on the 

DMA. To exclude the effects caused by the twisting of fibers, which could be the 

explanation for the phenomenon illustrated in Figure 37, fiber bundles were mostly 

used as samples for the measurements of earlywood fibers. Through parallel 

experiments, it has been proven that the fiber bundle showed the same properties in 

creep strain rate as the single wood fiber. All the results from the fiber bundle 

measurements were marked with the light color in the figures of Appendix 1.  

When caculated the cross-section area of the fibers, the software Optimas 6.0 cannot 

recongnize the fiber bundles so the image of fiber bundle cross-section was seperated 

into single fibers cross- section manually and then summed with an estimate value. So 

the cross-section areas of the fiber bundles in this study were not so accurate.     
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6. Conclusion 

Measurements on single wood fibers and fiber bundles in this study have 

demonstrated that wood fibers exhibited higher creep strain rate at cyclic humidity 

compared to that at constant humidity. 

The measurement indicated that at constant humidity, latewood fibers exhibited a 

lower creep strain rate than earlywood fibers, and that mature wood fibers exhibited a 

lower creep strain rate than juvenile wood fibers. At cyclic humidity the wood fibers 

did not follow this behavior. Considering the creep strain rate both at constant 

humidity and at cyclic humidity, latewood fibers showed higher mechano-sorptive 

creep ratio than earlywood fibers, and mature wood fibers showed higher 

mechano-sorptive creep ratio than juvenile wood fibers. So based on the experiments 

of fibers from spruce, mature latewood fibers had the largest mechano-sorptive creep 

ratio, and juvenile earlywood fibers had the smallest mechano-sorptive creep ratio.It 

was clearly shown that the higher the fibril angle, the lower was the mechano-sorptive 

creep ratio.  
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9. Appendix 

Appendix 1 Measurement Result 
1.1 Measurement results of Mature Latewood Fibers of Spruce 

Parameter 
Sample 

1 

Sample 

2 

Sample 

3 

Sample 

4 

Sample 

5 

Sample 

6 

Sample 

7 

Average 

Creep strain rate 

at constant 

humidity(%/log 

(time, min)  

0.17 0.09 0.13 0.23 0.10 0.08 0.25  

Creep strain rate 

at cyclic humidity 

(%/log (time, 

min) 

0.45 0.20 0.25 0.57 0.20 0.28 0.41  

MSC-ratio 2.71 2.24 1.91 2.49 2.11 3.42 1.63 
2.36 

±0.59 

εe, % 0.56 0.51 0.75 0.74 0.24 0.52 0.33  

Normalized ε at 

constant humidity 
0.30 0.18 0.17 0.31 0.41 0.16 0.76 

0.30 

± 0.24 

Normalized ε at 

cyclic humidity 
0.81 0.38 0.33 0.77 0.86 0.53 1.24 

0.76 

±0.29 

Microfibril angle 

(º) 
4.1 7.2 10.8 10  11.8 12.0 9.3±3.1 

F (mN) 50 60 70 50 250 70 60  

A (μm
2
) 252 438  228 1370 548 375  

σ=F/A(mN/μm
2
) 0.21 0.14  0.22 0.18 0.13 0.16  

1.2 Measurement results of Mature Earlywood Fibers of Spruce 

Parameter 
Sample 

1 

Sample 

2 

Sample 

3 

Sample 

4 

Sample 

5 

Sample 

6 

Sample 

7 

Sample

8 
Average 

Creep strain 

rate at constant 

humidity(%/lo

g (time, min)  

0.32 0.12 0.18 0.14 0.15 0.12 0.18 0.16  

Creep strain 

rate at cyclic 

humidity(%/lo

g (time, min) 

0.48 0.17 0.22 0.19 0.27 0.23 0.39 0.36  

MSC-ratio 1.51 1.37 1.19 1.36 1.81 1.92 2.15 2.21 
1.69 

±0.39 

εe, %  0.42 0.28 0.56 0.75 0.33 0.65 0.66  

Normalized ε 

at constant 

humidity 

 0.29 0.66 0.25 0.20 0.37 0.28 0.25 
0.33 

±0.16 

Normalized ε 

at cyclic 

humidity 

 0.39 0.78 0.34 0.36 0.70 0.59 0.54 
0.53 

±0.16 

Microfibril 

angle (º) 
 9.8 18  19 10 10 17.8 

14.1 

±4.6 

F (mN) 50 50 200 50 200 240 200 180  

A (μm
2
)   1907 310 1514 1576 930 1072  

σ=F/A(mN/μm
2
) 

  0.11 0.16 0.13 0.15 0.22 0.17  
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1.3 Measurement results of Juvenile Latewood Fibers of Spruce 

Parameter Sample 1 Sample 3 Sample 4 Sample 5 Sample 6 Sample 7 Average 

Creep strain rate at 

constant humidity 

(%/log (time, min) 

0.17 0.24 0.14 0.13 0.15 0.21  

Creep strain rate at 

cyclic humidity 

(%/log (time, min) 

0.33 0.46 0.24 0.31 0.32 0.40  

MSC-ratio 2.00 1.88 1.76 2.44 2.05 1.86 
2.00 

±0.22 

εe, % 0.57 0.70 0.85 0.28 0.28 1.14  

Normalized ε at 

constant humidity 
0.30 0.35 0.16 0.44 0.55 0.19 

0.33 

±0.15 

Normalized ε at 

cyclic humidity 
0.59 0.66 0.28 1.08 1.13 0.35 

0.68 

±0.36 

Microfibril angle (º) 10.5 15 12   12.5 12.5 ±1.9 

F (mN) 50 60 40 150 200 50  

A (μm
2
) 509 518 550   512  

σ=F/A(mN/μm
2
) 0.10 0.12 0.07   0.10  

1.4 Measurement results of juvenile earlywood fibers of spruce 

Parameter 
Sampl

e 1 

Sample 

2 

Sample 

3 

Sample 

4 

Sample 

5 

Sample 

6 

Sample 

7 
Average 

Creep strain rate 

at constant 

humidity (%/log 

(time, min) 

0.08 0.15 0.19 0.16 0.10 0.20 0.20  

Creep strain rate 

at cyclic 

humidity (%/log 

(time, min) 

0.084 0.18 0.21 0.35 0.20 0.20 0.24  

MSC-ratio 1.06 1.24 1.11 2.16 2.05 1.00 1.19 
1.40 

±0.49 

εe, % 0.45 0.24 0.47 0.55 0.33 0.24   

Normalized ε at 

constant 

humidity 

0.17 0.62 0.41 0.29 0.29 0.85  
0.44 

±0.25 

Normalized ε at 

cyclic humidity 
0.48 0.77 0.46 0.63 0.61 0.85  

0.63 

±0.16 

Microfibril 

angle (º) 
15 17 28 12 13  18 

17.2 

±5.8 

F (mN) 40 200 210 250 210 200 200  

A (μm
2
) 424 1447 1112 1151 2601  2194  

σ=F/A(mN/μm
2
) 0.09 0.14 0.19 0.22 0.08  0.09  
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Appendix 2 Analysis Figure 

2.1 Mechano-Sorptive Creep of Mature Latewood Fibers of Spruce  

(Bundles marked with light colors) 
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2.2 Mechano-Sorptive Creep of Mature Earlywood Fibers of Spruce 
(Bundles marked with light colors) 

 

 

  



Master Thesis by Fang Dong 

39 

 

2.3 Mechano-Sorptive Creep of Juvenile Latewood Fibers of Spruce 

(Bundles marked with light colors) 
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2.4 Mechano-Sorptive Creep of Juvenile Earlywood Fibers of Spruce 

(Bundles marked with light colors) 
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