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Abstract 

In 2013 the European journal of wood and wood products published an article regarding 

a new method to predict strength in structural timber (Olsson et al 2013). By determining 

the fibres orientation on all four surfaces of each board in sample of timber using a high 

resolution scanner the authors were able to achieve a coefficient of determination, R
2
,
 
as 

high as 0.71 between bending strength and a new indicating property (IP). For the same 

sample of timber Olsson et al (2013) determined the R
2 

by axial dynamic excitation as 

0.59. However, all boards used in their investigation were planed before scanning. This 

study examines if a high resolution scanner could be used to determine the fibre 

orientation on the surfaces of sawn timber boards of Norway spruce. Both band sawn 

surfaces and circular sawn surfaces were examined. The procedure in this investigation is 

described as follows. Firstly, both the band sawn and the circular sawn boards were 

scanned by a WoodEye® scanner and together with dimensions, weight and the first 

longitudinal resonance frequency, a modulus of elasticity (MOE) profile was calculated 

for each board. The MOE profiles were calculated according to Olsson et al (2013) i.e. by 

a transformation matrix based upon the fibres orientation and a compliance matrix based 

on material parameters for Norway spruce. Secondly, the corresponding MOE profiles 

were then determined after the boards had been planed. As a result two MOE profiles 

were determined for each board. An indicating property (IP) was defined as the lowest 

value along each MOE profile. To compare the results a regression analysis was 

performed in which the IPs defined before planing worked as predictor variable and IPs 

defined after planing worked as response variable. The band sawn band boards yielded an 

R
2 

= 0.94
 
and the circular sawn boards an R

2 
= 0.93. Further the standard error of estimate 

was SEE = 829.1 MPa and SEE = 640.9 MPa respectively. As a last step in this 

investigation the SEE values achieved in this study where implemented on to the sample 

Olsson et al (2013) used in their investigation.   
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1. Introduction 

1.1 Background 

In Sweden wood is the building material that has the oldest traditions. In the 

year 2011 approximate 89 million m
3
 forests were felled (Statistics Sweden 

2013). About 17 million m
3
 sawn timber products were manufactured and 

70 % of these products went for export (Swedish Wood 2014). In buildings 

sawn timber have a lot of different uses such as structural timber.  

When a tree is growing in a forest stand it will be exposed to different 

conditions depending on e.g. climate, topography and social standing within 

the stand. Therefore, trees will develop different mechanical properties. In 

structural timber knots and surrounding fibres have the biggest influence on 

the strength (Oscarsson 2012). A typical fracture in a structural timber board 

that is exposed to a bending load will be initiated at one of the knots 

(Johansson 2003). 

In the saw mill industry it is important to separate timber with high strength 

from timber with low strength because it enables a more efficient use of 

structural timber. For example, in Norway spruce the bending strength can 

vary between 10‒90 MPa (Crocetti et al 2011). Therefore are structural 

timber classified into different strength classes either by visual strength 

grading methods or with one of the machine strength grading methods 

available on the market. These methods offer the industry the possibility of 

predicting strength capacity in structural timber and as a result timber 

products can be used in a more efficiency way. For example, consider a 

simply supported glulam beam loaded with a distributed load perpendicular 

to the fibres. Here, a maximum moment will be created in the middle of the 

beam. Therefore the highest and lowest normal stresses will be developed in 

the upper and the lower edges of the beam as shown in Figure 1. When 

manufacturing glulam this could be taken into account. One way to create 

glulam is to use high strength timber in the upper and lower edges of the 

beam. In the cross-sectional middle there is the possibility to use timber that 

has lower value of the strength. Note that this is a simplification of the 

problem. In reality the engineers also have to take in to account the amount 

of shear stresses that is developed due to forces acting on the analyzed 

member.  
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Figure 1: A small part (dx) of a glulam beam that is exposed to a distributed 

load. Maximum stress due to maximum bending will occur in the middle of 

the beam. The maximum value of the stresses σ(y) will occur in the upper 

and the lower edges. 

In 2012 60% of different makes of strength grading machines on the 

European market were based upon axial dynamic excitation. By giving a 

board a hammer blow at one of the ends a longitudinal vibration is created. 

An accelerometer or a microphone can then be used to capture the axial 

oscillation. From the axial oscillation together with Fast Fourier Transform 

the corresponding resonance frequency can be determined (Oscarsson 2012). 

Another common machine strength grading method is based upon static 

edgewise bending. However, all strength grading methods only give a 

predicted strength and also with different accuracy. For example, Larsson et 

al (1998) claims that for Norway spruce the modulus of elasticity (MOE) 

determined by axial dynamic excitation is in generally 10 % higher than the 

MOE determined by static flatwise bending. However, the MOE determined 

for a board by one of the strength grading methods is not the MOE value 

used in design calculations. The MOE values used in design calculation is 

determined by a regression analysis together with determined values for a 

specific strength class, see next two paragraphs.  

The accuracy for a strength grading method is determined by regression 

analysis. In a regression analysis a response variable and a predictor variable 

are determined for a number of pieces. For strength grading purpose one of 

the response variables that are used is bending strength. The predictor 

variable, also known as indicating property (IP), is usually a MOE, either a 

global MOE or a local MOE. When the response variable and the IP have 

been determined for each board used in the investigation a scatter diagram is 

created, see Figure 2. In a scatter diagram the observed values i.e. the 

coordinate that corresponds to both the response variable and the IP are 

plotted for each board. When all observed values has been plotted into the 

scatter diagram a regression line is determined as a straight line that 

represents expected strength values. A coefficient of determination, R
2
, is 

calculated as   
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∑    

 
  ̅   

   

∑      ̅   
   

 (1.1) 

in which   
 
 is the value of the regression line at a certain    value,    is the 

observed test corresponding to the same    value and  ̅ is the mean of Y for 

all the tested pieces in the same samples. The R
2
 indicates how the measured 

IP value corresponds to the response variable (Oscarsson 2012). Further, a 

standard error of the estimate can be determined by  

 

    √
∑          

 
   

   
 (1.2) 

in which   is the number of the observed values. The standard error of the 

estimate is a measurement of the mean deviation between all observed 

values and the regression line.  

If instead timber boards are to be classified into different strength classes the 

same response variable i.e. the bending strength and the same IP i.e. a MOE 

are used. For example, if the boards were to be bending strength graded for 

strength class C24 i.e. has a characteristic bending strength         the 

scatter diagram is used. By allowing 5% of the boards to have a bending 

strength value lower than 24 MPa a vertical line can be drawn at the   

value     , see Figure 2. The boards that have an IP       are then assigned 

to strength class C24. 

 

Figure 2: Scatter diagram. The vertical dashed line is drawn where 5% of 

the boards assigned to strength class C24 are allowed to have a bending 

strength value smaller than 24 MPa. The boards that have an IP       are 

assigned to strength class C24.  
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The statistical relationship between IP and bending strength for commercial 

machine strength grading methods used on the market today is weak (Olsson 

et al 2013). The R
2
 between IP and bending strength lies somewhere around 

0.5 ‒ 0.6 for Norway spruce for the machine strength grading methods 

applied on the market today.  

In (Olsson et al 2013) a new strength grading method with a new IP was 

tested. In their investigation they used 105 planed boards of Norway spruce. 

All boards that they used were scanned by a high resolution scanner. By 

scanning all boards the fibre orientation on all four longitudinal surfaces 

could be determined. With the knowledge about fibre orientation at the 

surfaces together with basic wood material properties, a bending MOE 

profile was established along the longitudinal direction for each board. The 

new IP was then defined as the lowest value along each MOE profile. A new 

value for the coefficient of determination between this new IP and bending 

strength was between 0.68-0.71. For the same sample, based upon the axial 

dynamic excitation being used as IP, the coefficient of determination was 

0.59. However, it should be noted that the described investigation was 

performed on sawn timber being planed before the IP was determined. The 

theory behind the method developed by Olsson et al (2013) is reviewed in 

chapter 3. Modelling and mechanics of material. 

1.2 Purpose and Aim 

The purpose of this study was to investigate if the fibre orientation on the 

longitudinal surfaces of sawn boards could be accurately determined by a 

high resolution laser scanner. The main aim of this thesis was dived in to 

two sub aims. 

The first sub aim was to create two MOE profiles along each board used in 

this study by the strength grading method developed by Olsson et al (2013). 

The first MOE profiles were created when all the boards had sawn surfaces. 

The second MOE profiles were created after planing i.e. when the boards 

had planed surfaces. 

The second sub aim was to compare the MOE profiles determined before 

and after planing and determine if the MOE profile for the sawn surface is 

representative.      
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1.3 Hypothesis and Limitations 

Hypothesis:  

The hypothesis for this study was that the difference between the MOE 

profile determined for a sawn timber board would be approximately the 

same as the MOE profile determined for the same timber board when it has 

been planed. As a result, the method developed by Olsson et al (2013) for 

strength grading purposes can be applied on structural timber with sawn 

surfaces. And therefore can the predicted strength of a sawn timber board be 

determined with a higher accuracy than by the strength grading methods 

most commonly used in the sawmill industry today.   

Limitations:  

Tests in this study were only performed on timber boards of Norway spruce. 

As a result, this thesis only answers the question if it is possible to predict a 

MOE for a sawn board of Norway spruce according to strength grading 

method developed by Olsson et al (2013).   

1.4 Reliability, validity and objectivity 

During the experimental parts of this study 82 boards of Norway spruce 

were used. Earlier research has proven that the method used in this study to 

determine the first longitudinal resonance frequency by using a hammer and 

a microphone has a high accuracy (Olsson et al 2013). In (Petersson 2010) a 

WoodEye® system was used to determine the fibres orientation on the 

surfaces. And it showed that a high prediction of the grain angle distribution 

could be obtained. Further the location of the knots and the disturbance of 

the fibres around the knots were proven to be accurately determined by the 

means of the WoodEye® system. 
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2. The material timber 

It is common knowledge that knots and deviation of the fibre angle reduces 

the strength of structural timber. In this chapter these subjects are discussed 

together with basic material structure of timber. 

2.1 Material structure of wood 

On a cell level the material structure of timber can be compared with small 

tubes standing up glued together. These small tubs are the cells. The most 

common cells in timber are approximately between 2‒4 mm long and 0.1 

mm in diameter and are called tracheids. The wall of a tracheid is divided 

into four different layers. These layers are called P, S1, S2 and S3 from the 

outside to inside of the wall, as shown in Figure 3 (Crocetti et al 2011). 

Further, Crocetti et al (2011) describes that within these layers there are 

micro fibrils, which are also called strands. In the first layer P, these strands 

are randomly oriented. In the second layer S1 and the fourth layer S3 the 

strands are oriented around the cell. The main purpose of S1 and S3 are to 

keep the cell together. The third layer S2 is the main layer and it has a 

thickness of approximate 85 % of the total cell wall. Within layer S2 the 

strands generally have an angle of 5‒15˚ in relation to the longitudinal 

direction of the tracheid, see Figure 3. The angle between the strands and the 

longitudinal direction of the cell is often called micro fibril angle or MFA.  

 

Figure 3: The wall layers within a tracheid. P is the outermost layer where the 

strands are randomly oriented. S2 is the layer that represents approximate 85 % 

of the cell wall. In S2 the strands are generally slightly inclined in relation to the 

longitudinal direction of the tracheid. Figure by courtesy of Marie Johansson.  
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In softwood approximate 90% of the volume is built up by tracheids. In 

softwood tracheids are generally oriented in the growth length of the tree 

(Crocetti et al 2011).  

During the spring a tree has to transport large amounts of both water and 

nutrition. Therefore there is a big cavity within each cell. Because of the 

cavity the cell walls becomes thinner. Cells that are created during the spring 

form the earlywood. In the summer a tree starts to prepare for a harder 

climate. During the summer the transportation of nutrition and water reduces 

and as a result the cavity within a cell become smaller and the cell walls 

becomes thicker. Cells that are created during the summer are called 

latewood cells and form the latewood. Figure 4a below show both 

earlywood cells and latewood cells on a microscopic level. Figure 4b shows 

a cross-section of a timber log in which the lighter parts are earlywood and 

the darker parts are latewood. The amount of latewood has a significant 

influence on the strength in timber (Crocetti et al 2011).  

  

Figure 4a: Earlywood cells on the 

right hand side and on the left 

hand side latewood cells, shown 

in microscopic level. 

Figure 4b: A timber log showing 

latewood and earlywood. The darker 

circles are latewood and the lighter 

circles are earlywood. 

2.2 Fiber angle 

The fibres (cells) in timber are generally oriented in the longitudinal 

direction of a tree, see 2.1 Material structure of wood. However, fibres also 

have a tendency to grow in a spiral around the trunk. The deviation between 

the longitudinal direction of timber log (or a board) and the direction of the 

fibres is called fibre angle or grain angle. Even a small deviation of the 

fibres compared to the longitudinal direction has a big influence on the 

strength. Table 1 describes failure stresses that occurred when small clear 

specimens of structural timber were loaded both parallel and perpendicular 

to the fibres in tension and in compression. 
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Table 1: Failure stresses for small clear wood specimen of structural timber 

without knots (Crocetti et al, 2011). 

Loading and 

direction 

Tension 

parallel to 

fibres 

Tension 

perpendicular 

to fibres 

Compression 

parallel to 

fibres 

Compression 

perpendicular 

to fibres 

Failure 

stress (MPa) 
100 0.5 80 3-5 

In Table 1 it is shown that structural timber without impairments such as 

knots has higher failure stress when loaded parallel to the fibres than 

perpendicular to the fibres. But even a small grain angle has a big influence 

on the strength of structural timber (Olsson et al 2013).  

2.2 Knots 

All living trees are in need of the photosynthesis process to be able to grow. 

To make this process possible softwood has needles. The amount of needles 

for this process is large. To create the large amount of needles trees develop 

branches. In Figure 5 it is shown that the fibers around and within a knot is 

not in the same direction as the fibers are in clear wood areas and this 

creates a joint between the branch and the stem. As a result this becomes a 

weak spot in structural timber. Bending strength tests has shown that more 

than 90% of tested specimens break due to occurrence of knots (Johansson 

2003).  

 

Figure 5: In the connection between a branch and the main stem the fibres 

orients differently compared to clear wood areas. As a result the connection 

becomes a weak spot in structural timber. Previous research has shown that 

more than 90% of tested samples break due to the occurrence of knots. 
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3. Modelling and mechanics of material 

In this chapter the theory behind how the MOE profiles, that are used for 

strength grading purpose, are established. In the first three sections the 

MOE, Poisson’s ratio and shear modulus are explained. Sections four to six 

explains the compliance matrix and how it can be transformed from a local 

coordinate system to a global coordinate system. In section seven it is 

discussed how the integration of cross-sectional stiffness properties is 

performed. The final sections of this chapter review assumptions that were 

made by Olsson et al (2013) when the new strength grading method was 

developed. In this chapter basic matrix calculations are performed and you 

as a reader are expected to have basic knowledge about how to perform 

matrix operations. 

3.1 Modulus of elasticity 

Modulus of elasticity also known as Young’s modulus is a relationship 

between the strain and the corresponding stress of a material. This 

relationship is explained by Hooke’s law as 

          (3.1) 

in which    is the stress in [    ],    is the strain and    is the modulus of 

elasticity also in [    ] (Heyden et al 2008). However, this relationship is 

only valid in one dimension for a linear elastic material within its elastic 

region (Ottosen & Petersson 1992). Further, the strain can be calculated as  

 
   

   

  
 

(3.2) 

in which    is the strain,     is the elongation and    is the length when the 

elongation is zero (Heyden et al 2008). 

When a load is applied to a structure that is made of a linear elastic material 

it will deform. If the material stays within its elastic region, as shown in 

Figure 6, when a load is applied the modulus of elasticity together with one 

of the other variables can be used to determine either the stress or the strain 

according to Hooke’s law. If the load then is removed the stress and the 

strain will return to its initial conditions. If instead more loads or a bigger 

load is applied to the structure and the material enters the plastic region 

Hooke`s law can no longer be applied. Once a material has reached the 

plastic region it cannot enter the elastic region. Unloading after the material 

has entered the plastic region will result in permanent, or remaining, 

deformations. 



  
 

 

10 

Andreas Briggert 

 
Figure 6: Stress-strain relationship for a material. Hooke’s law can be applied 

within the linear elastic region. If the material has reached its plastic region 

Hooke’s law can no longer be applied. 

3.2 Poisson’s ratio 

When a structure is exposed to a force in one direction the material will 

either elongate or contract in that direction. However, in the other two 

directions the behavior will be the opposite. The ratio between the 

elongation- and contraction-strains in different directions is denoted 

Poisson’s ratio. Figure 7 show a typical behavior of a structure when 

exposed to a compression force. The compression force that acts on the 

structure creates a compression in the longitudinal direction i.e. the x-

direction. The width i.e. the amount of material in the y-direction will 

increase. The ratio between the compression and the extension in the two 

planes is calculated with equation 3.3.  

 
Figure 7: A structure exposed to a compression force. The structure will be 

compressed in the x-direction and extended in the y-direction. The relationship 

between compression and the extension is calculated with equation 3.3 and 

called Poisson’s ratio. 
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The Poisson’s ratio is defined as 

      
  

  
 

(3.3) 

where    and    are the transverse strain and the longitudinal strain 

(Engineering toolbox 2014). 

3.3 Shear modulus 

A material that is linear elastic will also develop shear stresses and shear 

strains when a force is applied to the structure. The relation between a shear 

stress and a shear strain is  

          (3.4) 

where     is the shear stress [    ] in the xy-plane, G is the shear modulus 

[    ], and     is the shear strain that will occur in the xy-plane. 

Relationships corresponding to the one described in equation 3.4 are valid 

for the other two planes in an orthotropic material. 

3.4 The compliance matrix  

The constitutive relation given in equation 3.1 together with equation 3.4 i.e. 

the relation between stresses and strains can be written in a more general 

form for a three dimensional problem as 

      (3.5) 

where  

 

  

[
 
 
 
 
 
  

  

  

   
   
   ]

 
 
 
 
 

;     [

          

          

    
          

];     

[
 
 
 
 
 
  
  
  
   
   
   ]

 
 
 
 
 

 (3.6) 

If the        there exist an inverse matrix       that is called the 

compliance matrix. In (Ottosen & Petersson 1992, p. 250) proof is given for 

that       . For timber, which is a strongly orthotropic material, the 

compliance matrix becomes, according to Olsson et al (2013), 
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 (3.7) 

in which   ,   ,    are the MOEs in the x-, y-, and z-direction,    ,    ,     

are the shear modulus in the xy-, xz- and yz-plane, respectively, and the  

parameters    ,    ,    ,    ,    and     are the Poisson’s ratio in their 

respective planes.  

3.5 Local coordinates for the compliance matrix 

Timber is a strongly orthotropic material. This means that the mechanical 

properties vary in the l-r-t coordinate system, see Figure 8. For example, the 

stiffness and the strength are much higher in the direction of the fibres 

compare to the other directions, see Table 1. However, the directions of 

fibres generally deviate from the longitudinal direction of the log. Small 

deviation for the fibres exists due to the fibre grain angle as shown in Figure 

8. If the fibre direction is known locally i.e. in the coordinate system l-r-t the 

relationship between the local and the global coordinate system can be 

described by the unit vectors (l,r,t) and (i,j,k). (l,r,t) is the unit vector in the 

coordinate system l-r-t and the unit vector in the x-y-z coordinate system is 

(i,j,k). The relationship between vectors (l,r,t) and (i,j,k) are then described 

by equation 3.8 (Olsson et al 2013).    
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Figure 8: The fibre direction in a log deviate from the longitudinal direction 

of the log. Presented in the figure is coordinate system l-r-t in which l is in 

the direction of the fibres together with coordinate system x-y-z where x is in 

the longitudinal direction of the log. Figure originates from Ormarsson 

(1999).  

 
[
 
 
 
]    [

 
 
 
] (3.8) 

where  

 

   [

  
   

   
 

  
 

  
 

  
 

  
   

   
 

] (3.9) 

in which the cosine relationship between two unit vectors is described. For 

example, in matrix A at position     i.e.   
  the value for the cosine angle 

between t- and z-axis is inserted. 

Around the knots the deviation between the longitudinal direction of the log 

and the fibres may increase heavily but the same calculation procedure can 

still be applied (Olsson et al 2013).  

 3.6 Material properties from local to global coordinate system 

The local compliance matrix  ̅ that correlates to the local coordinate system 

(l-r-t), see Figure 8, can be written as 
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 (3.10) 

where   ,    and    are the modulus of elasticity in their orthotropic 

directions. Further    ,     and    are the shear modulus in their respective 

orthotropic planes. The parameters    ,    ,    ,    ,     and     are the 

Poisson’s ratio stated as  

 

 
     

  

  
      (3.11) 

 
     

  

  
      (3.12) 

 
     

  

  
      (3.13) 

which reduced the material parameters from twelve to nine (Olsson et al 

2013). The reduced compliance matrix  ̅    can then be written as 
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 (3.14) 

The relationship between the stresses and the strains in the local coordinate 

system can now be established by the inverse of the local material matrix 

i.e.  ̅   
  

 as  

 

  ̅    ̅ ̅ (3.15) 

where  ̅   ̅   
  

and the local stresses are 

 ̅   [               ]  and the local strains are  ̅  
[               ] .  

A transformation matrix   (equation 3.16) together with equations 3.17 and 

3.18 can then be used to transform the local material parameters to global 

parameters. The components in the transformation matrix   are picked from 

equation 3.9 (Olsson et al 2013). 
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 (3.16) 

The relationship between local stresses and global stresses can be expressed 

by equation 3.17 and the relationship between the local strains and the 

global strains as equation 3.18.  

 

      ̅ (3.17) 
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  ̅     (3.18) 

If now equation 3.15 is pre-multiplied with   and  ̅ is replaced with    a 

new expression for the relationship between the stresses and the strains in a 

global coordinate system can be described as 

 
     ̅   (3.19) 

in which a new term for the compliance matrix   in the global coordinate 

system (x-y-z) can be determined as 

 

       [   ̅ ]   (3.20) 

In the global compliance matrix   Olsson et al (2013) points out that the 

inverse of element      i.e. 
 

    
 now is equal to a local modulus of elasticity in 

the longitudinal direction of a log (or a board). This means that if the 

procedure described above is performed at a position    a local modulus of 

elasticity can be determined for each    value in the longitudinal board 

direction. However, to be able to perform the transformation described 

above the local compliance matrix together with fibre orientation has to be 

known. In 3.8 Detecting the fibre orientation and in 3.9 Material properties 

for the local compliance matrix suggested ways to determine the fibre 

orientation and local material parameters are presented according to Olsson 

et al (2013). 

3.7 Integration of cross-sectional stiffness properties 

If the variation of local modulus of elasticity is known over the cross-section 

of a board, see previous sections, for a point   in the range        in 

which   is the total length of the board, a bending stiffness is determined in 

the y-direction as equation 3.21 and in the z-direction as equation 3.22. 

Further, the longitudinal board stiffness is determined by equation 3.23. 

        ∬       ̅  dydz (3.21) 

        ∬       ̅  dydz (3.22) 

       ∬  dydz (3.23) 

where  ̅ and  ̅ represent the position of neutral axis in respective coordinate 

direction. 
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3.8 Detecting the fibre orientation 

When a local modulus of elasticity is to be determined the material 

parameters for the local compliance matrix together with true fibre 

orientations has to be known. In the next section 3.9 Material parameters 

for the compliance matrix it is described how the components for a local 

compliance matrix are determined according to Olsson et al (2013). To gain 

knowledge about the true fibre orientations for a timber board a high 

resolution scanner can be used i.e. to determine the cosine values between 

the different unit vectors, see equation 3.9. By means of an optical scanner 

the fibre orientations of a board can only be determined for the surfaces.  

However, in reality the fibre orientation varies in all directions i.e. even 

within a timber board implying that certain assumptions have to be made 

when stiffness profiles along a board are determined. Olsson et al (2013) 

suggest that the different fibre orientations on the surfaces shall be valid 

according to the cross-section that is shown in Figure 9a in which the 

distance       . Further, Figure 9b shows the surface on a timber board 

for the greyed area,     in Figure 9a i.e. a small part    of the longitudinal 

direction of a timber board. When an optical scanner has detected the fibre 

orientation, represented by the blue line, for the grey area in Figure 9b the 

contribution to the stiffness according to equations 3.21 – 3.23 is calculated 

for the area   . Figure 9b also shows the cosine angle   between local l-

axis and the global x-axis.  

 
Figure 9a: A suggested way by 

Olsson et al (2013) to determine 

where in the cross sectional the 

cosine angle detected by an optical 

scanner is valid.  

Figure 9b: A small part    of a 

timber board in the longitudinal 

direction. In the grey area the 

drawn line represent a fibre 

detected by an optical scanner.  
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3.9 Material parameters for the local compliance matrix 

To perform the calculation procedure explained in 3.6 Material properties 

from local to global coordinate system it is necessary to determine the 

material parameters that are in the local compliance matrix  ̅. To determine 

the parameters Olsson el al (2013) developed a calculation procedure and 

the basic steps of this procedure are presented in the next paragraph.  

To identify the parameters valid for a single timber board in the local 

compliance matrix  ̅ Olsson et al (2013) used nominal material property 

values according to Table 2 as a starting point. With the nominal values 

given in Table 2 as base for equation 3.23 together with a finite element 

model (equation 3.24) a longitudinal stiffness profile was established on the 

basis of 

    
∫        

   

       

   
 (3.24) 

where    is the axial stiffness for element   and the distance    Olsson et al 

(2013) used was approximately 1 cm. For example, if a board is 3 m long it 

would contain 300 elements with the distance of 1 cm between them. And 

by inserting the nominal values in the local compliance matrix and together 

with knowledge about the fibre orientation at the surface the local 

compliance matrix can be transformed from a local to global coordinate 

system. At the position       in the global compliance matrix the value for    

is obtained. The    value is then inserted in equation 3.23 from which 

      is calculated. Further, the mass of each board is assumed to be 

uniformly distributed in the longitudinal direction and with the information 

now gathered an eigenvalue analysis i.e.    [    
  ]    is performed 

for each board to determine the theoretical first longitudinal resonance 

frequency i.e.  ̂   
  

  
 (Roy & Andrew 2006). The first axial resonance 

frequency was also measured experimentally for each board. The 

experimental resonance frequency, here denoted      was determined by 

axial dynamic excitation. Finally, with the knowledge about the theoretical 

and the experimentally first longitudinal frequency the material parameters 

valid for each board in the compliance matrix was determined as 

 
       

   
 

 ̂  
 

 (3.25) 

in which    is the local modulus of elasticity in the direction of fibres used in 

the local compliance matrix  ̅. Further      is the nominal value for Norway 

spruce. Finally,     is the experimentally determined first longitudinal 

frequency and  ̂   is the corresponding determined theoretically. 

Equation 3.25 shall be used on all nominal values except Poisson’s ratio 

constants to determine the local parameters in the local compliance matrix. 
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The procedure described above shall be performed on each board when 

applying the strength grading method developed by Olsson et al (2013).   

Table 2: Nominal material parameters for Norway spruce 

El,0 10700 MPa 

Er,0     710 MPa 

Et,0     430 MPa 

Glr,0     500 Mpa 

Glt,0     620 MPa 

Grt,0       24 MPa 

υlr     0.38 

υlt     0.51 

υrt     0.51  
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4. Material and method 

The experimental part consists of measuring material properties and to 

determine fibre orientation on the surfaces for each board. Further, MOE 

profiles are calculated for each board. The results from the experiments are 

presented in chapter 5 Results and analyzed in chapter 6 Analyze. The 

experimental part has been carried out at Linnaeus University in Växjö. 

4.1 Test samples 

In the experiment 82 boards of Norway spruce were investigated. 42 of the 

boards had nominal dimensions 47x150x3600 (mm) and surfaces that were 

cut by a band saw. The other 40 boards had nominal dimensions 

48x150x3900 (mm) and surfaces cut by a circular saw. All boards were 

given an identification number. The boards that from the beginning had band 

saw surfaces were denoted B01‒B42 and boards with circular sawn surfaces 

were denoted C01‒C40. The band sawn boards were delivered by Södra 

Timber Ramkvilla and the circular sawn timber boards were delivered by 

Derome Timber. 

4.2 Equipment 

WoodEye® system 

To determine the fibre orientation on the surfaces of each board a 

WoodEye® system supplied by Innovativ Vision was delivered to the 

University, see figure 10. The WoodEye® is equipped with four sets of 

multi-sensor cameras and dot- and line- lasers. The boards are fed through 

the scanner by means of conveyor belt with a maximum speed of 900 

m/minute (Innovativ vision 2014). From software installed in WoodEye® 

system the direction of the fibres are determined by means of the tracheid 

effect and given for each board after they are scanned.  

Hammer and accelerometer   

To determine the experimental first longitudinal resonance frequency a 

hammer together with a microphone was used. The later was connected to a 

computer in which a software calculated the first longitudinal resonance 

frequency. 

Delmhorst® RDM 2S 

A delmhorst moister meter was used to determine the moister content in 

each board. The Delmhorst RDM 2S is a resistance meter i.e. measures the 

electric resistance between two pins that are inserted in the sample. The 

moister range for Delmhorst RDM 2S is 4.5% ‒ 60% and has 33 timber 

species preinstalled (Delmhorst instrument Co 2013). One of the preinstalled 

species is spruce which was investigated in this study. The RDM 2S also 

take temperature in consideration when it computes the moister content.  
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4.3 Experimental set up  

Two experimental setups were used. In the first setup width, thickness, 

weight and a first longitudinal resonance frequency were determined for 

each board. In this part of the experiment an aluminum frame approximately 

1.5m long was placed on a scale after which the scale was reset. The purpose 

of the frame was to make is possible to balance the long boards on the small 

scale. Further, a foam material was attached to the frame to avoid that the 

frequencies of the boards were affected by the frame etc. The boards were 

placed on the frame one by one and while they were placed on the frame the 

parameters were determined, see Appendix 1‒4.  

In second experimental setup all 82 boards where scanned by the 

WoodEye® system, see figure 10. The boards were placed one by one on a 

conveyor belt. The conveyor belt then fed the boards through the 

WoodEye® system.  

 
 

Figure 10: The WoodEye® system at Linnaeus University. The boards were 

placed on the conveyor belt that fed the boards through the WoodEye® 

scanner. Software installed in the WoodEye® computes the fibres 

orientation on the surfaces. 

Both setups were performed twice. First when the boards had rougher 

surfaces i.e. band sawn or circular sawn surfaces. The second time the setups 

were made was after the boards had been planed. 
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4.4 Experimental determined parameters  

To determine MOE profiles by mean of the strength grading method 

developed by Olsson et al (2013) for each board used in this study certain 

parameters had to been know. When the parameters needed were known a 

Matlab® code developed by Prof. Anders Olsson was used to calculate the 

MOE profiles, see section 4.5 Modulus of elasticity profiles. The parameters 

that had to be determined by the experimental setups was 

1. The dimensions of each board. When a theoretical stiffness profile was 

determined for each board as describe in 3.9 Material parameters for the 

local compliance matrix length, width and thickness had to be known. 

The width and the thickness were measured at three points along each 

board and a mean value for the width and the thickness were used in 

further calculations. 

2. The experimentally determined first longitudinal resonance 

frequency,      for each board. This was determined by giving each 

board a hammer blow and measuring the resonance frequency with a 

microphone. The experimentally determined first longitudinal resonance 

frequency was then used together with a theoretically determined first 

longitudinal frequency to calibrate the nominal values valid for Norway 

spruce, see 3.9 Material parameters for the local compliance matrix.  

3. The mass, M, for each board. When an eigenvalue analysis was 

performed on each board the mass had to be known to determine the 

theoretical first longitudinal frequency i.e.    [    
  ]    together 

with  ̂   
  

  
, see 3.9 Material parameters for the local compliance 

matrix. The mass were assumed to be evenly distributed along each 

board.  

4. The fibre orientation along all four surfaces of each board. To be able to 

transform the local compliance matrix to a global compliance matrix the 

cosine values between the actual directions of the fibres and the global 

coordinate system x-y-z had to be known, see 3.6 Material properties 

from local to global coordinate system.   

The parameters given in 1‒4 were determined twice for each board. First 

when the boards had rougher surfaces i.e. sawn surfaces. The second time 

the parameters were determined were when the boards had been planed. In 

addition to the parameters given in 1‒4 above the moister content were also 

measured for each board. Further, an indicating property for dynamic MOE 

was calculated as             
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4.5 Modulus of elasticity profiles 

When weight, dimensions, first longitudinal resonance frequency and the 

fibre orientation on the surfaces had been determined for each board a MOE 

profile was created. A Matlab® script developed by Professor Anders 

Olsson was used in this thesis to create the MOE profiles. The Matlab® 

script is a part of a Swedish patent and is not presented in this thesis.  

From the Matlab® script a couple of figures are created according to the 

theory reviewed in chapter 3. Modelling and mechanics of material. In this 

study we will look at three of the figures created by the Matlab® script. 

These three figures are 

1. The moving average MOE edgewise bending, in which the average value 

for the MOE along each board is taken as the mean value for the local 

modulus of elasticity’s over a range of 90 mm. The lowest value found 

along this profile is the indicating property used by Olsson et al (2013) 

in their strength grading method.  

2. The MOE in the board direction. A color figure that shows this MOE on 

all four sides of each board. 

3. Fibre plot. 

In the fibre plot it is shown how the WoodEye® system interpreters the 

fibres orientation on the surfaces.  

Other figures created by the Matlab® script are 

4. Moving average MOE, longitudinal stiffness 

5. High resolution MOE, longitudinal stiffness 

6. Moving average MOE, flatwise bending 

7. High resolution MOE, flatwise bending 

8. High resolution MOE, edgewise bending 

9. Position of the neutral axis 
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5. Results 

5.1 Band sawn boards 

In the sample of band sawn boards, two boards had to be removed from the 

investigation. The first board B35 was removed after the first scanning 

processes due to simulation problems in the WoodEye® system. In the 

second scanning process board B39 was removed due to crookedness. 

The typical result for band sawn boards can be described by the following 

example. Figure 11a show the moving average MOE edgewise bending 

profile for board B41 that was calculated before planing. The IP was defined 

as 5.115 GPa and was placed at the distance 2.042 m from the root end, see 

Appendix 5. Figure 11b show the corresponding profile after planing. The IP 

was then placed 3.197m from the root end and had a value of 5.340 GPa, see 

Appendix 5. As a result, the IP value increased 225 MPa between before and 

after planing. Furthermore, the position of the IP was moved 1.1m i.e. a new 

point along the board was defined as the weakest point. In 23 out of the 40 

boards the weakest point was at the same position before and after planing.  

  
Figure 11a: Moving average MOE  

in edgewise bending for board B41  

before planing. 

Figure 11b: Moving average MOE 

in edgewise bending for board B41 

after planing. 

 

Visual inspection of board B41, before it was planed, showed that the 

stiffness in the weakest point (IP) were affected by knots, see Figure 12a‒d.  

IP IP 
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Figure 12a: Edge side 1 for 

B41 at 2.0 m from root end. 

Figure 12b: Flat side 1 for B41 

at 2.0 m from root end. 

  
Figure 12c: Edge side 2 for 

B41 at 2.0 m from root end. 

Figure 12d: Flat side 2 for B41 

 at 2.0 m from root end. 

The weakest point (IP) along board B41 was defined at approximate 2 m 

from the root end before planing. Figure 13a show the MOE in the board 

direction at the IP on board B41 before it was planed. Figure 13b show the 

corresponding figure after planing. The red color on the board surfaces 

implies that there is a high local MOE and the blue color a low MOE. Figure 

13a and 13b corresponds to the knots shown in Figure 12a‒12d. 

  
Figure 13a: MOE in board direction 

for board B41 before planing 

Figure 13b: MOE in board direction 

for board B41 after planing 
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However, even if all the band sawn boards had a dip as the lowest value for 

the IP in the profiles determined when they had band sawn surfaces, one 

board had a profile that did not follow the same pattern as the others. Before 

board B19 was planed the moving average MOE edgewise bending profile 

implied a long weak section at the between 0.4‒1.2m from the root end, see 

Figure 14a. Visual inspection of board B19 before it was planed showed that 

there were no big visible impairments. The moving average MOE edgewise 

bending profile that was determined after planing is shown in Figure 14b. In 

that profile the weak section that was found in the earlier profile was now 

removed.  

  
Figure 14a: Moving average MOE,  

edgewise bending for board B19  

before planing. 

Figure 14b: Moving average MOE, 

edgewise bending for board B19 

after planing. 

The weak section that appeared when the board B19 had band sawn surfaces 

can be explained by two other figures produced in Matlab® videlicet the 

MOE in the board direction and the fibre plot. For board B19 these two 

figures are shown in Figure 15. The magnified figure in Figure 15 is the 

fibre plot in which one can see how the WoodEye® system has interpreted 

the fibres orientation. Some of the fibres that are shown in Figure 15 imply 

that the fibre orientation for certain fibres are in a 90˚ angle compared to the 

longitudinal direction of the board. According to section 3.6 Material 

properties from local to global coordinate system a big angle between the 

fibre direction and longitudinal direction will decrease the local MOE. 
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 Figure 15: The MOE in the board direction together with the fibre plot. MOE in 

the board direction for all four surfaces between 0.2m – 1.4m from the root end. 

The fibre orientation is shown in the magnified figure between 0.6-0.8m.  

5.2 Circular sawn boards 

The following example describes the typical result for circular sawn boards. 

The moving average MOE edgewise bending profile that was determined for 

board C39 before planing is shown in Figure 16a. The IP for board C39 

before planing was 3.388 GPa and located at the distance 1.672 m from root 

end, see Appendix 6. The corresponding profile determined after planing is 

shown in Figure 16b. The defined IP after planing was located at the same 

position but the value for the IP increased to 4.723 GPa, see Appendix 6. As 

a result the IP value increased 1.335 GPa. In 27 out of the 40 boards the IPs 

were located at the same position before and after planing. 
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Figure 16a: Moving average MOE, 

edgewise bending for board C39 

before planing. 

Figure 16a: Moving average MOE,  

edgewise bending for board C39  

after planing. 

Visual inspection of C39 also showed that the weakest point (the IP) along 

the board had a gathering of three knots, see figure 17a‒d. The pictures are 

taken before the planing.   

  
Figure 17a: Edge side 1 for 

C39 at 1.6 m from root end. 

Figure 17b: Flat side 1 for C39 

at 1.6 m from root end. 

  
Figure 17c: Edge side 2 for 

C39 at 1.6 m from root end. 

Figure 17d: Flat side 2 for C39 

 at 1.6 m from root end. 

  

 

IP 
IP 
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The weakest point (IP) along board C39 was defined at approximate 1.6m 

from the root end. Figure 18a show the MOE in the board direction for the 

IP on board C39 before planing. Figure 18b show the corresponding figure 

after planing. Figure 18a and 18b corresponds to the knots shown in Figure 

17a-17d.  

  
Figure 18a: MOE in board direction 

for board C39 before planing 

Figure 18a: MOE in board direction 

for board C39 after planing 
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5.3 Regression analysis between IPs defined according to MOE profiles  

Two regression analyses are made in this section, one for the band sawn 

boards and one for the circular sawn boards. In both cases, the regression is 

determined between the IPs defined by the MOE profiles before and after 

planing. These two regression analyses are performed with the IP defined for 

sawn surfaces as predictor variable and the IP defined for planed surfaces as 

the response variable.  

The first regression analysis that is presented is for the 40 band sawn boards 

and yields a          see Figure 19a. Further the standard error of the 

estimate for the band sawn boards is                The IPs that is 

used for the regression analysis of band sawn boards can be reviewed in 

Appendix 5. 

The second regression analysis that is presented is for the 40 circular sawn 

boards, see Figure 19b. The regression analysis made for the circular sawn 

boards yields a         and a                The IPs that is used for 

the regression analysis of circular sawn boards can be reviewed in Appendix 

6.  

    

 

Figure 19a: Regression analysis made on 

band sawn boards. The coefficient of 

determination,     is 0.94 and the 

standard error of the estimate,      
is 829.1 MPa 

Figure 19b: Regression analysis made on 

circular sawn boards. The coefficient of 

determination,     is 0.93and the 

standard error of the estimate,       
is 640.9 MPa 
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5.4 Regression analysis between IPs defined according to dynamic MOE  

Regression analyses are also performed for band sawn boards and circular 

sawn board between the indicating properties defined before and after 

planing by dynamic MOE. For the band sawn boards the R
2
 is 0.99 and 

the     is 259.5 MPa and for the circular sawn boards the corresponding 

values are 0.98 and 309.4 MPa, see Figures 20a and 20b. For the band sawn 

boards the values used for the regression analysis can be reviewed in 

Appendix 1 and Appendix 3. The values for the regression analysis made in 

this section for circular sawn boards can be reviewed in Appendix 2 and 

Appendix 4.  

 

    
 

Figure 20a: Regression analysis made 

between IPs defined before and after  

planing according to dynamic MOE for  

band sawn boards. R
2
 is 0.99 and  

SEE is 259.5 MPa. 

Figure 20b: Regression analysis made  

between IPs defined before and after  

planing according to dynamic MOE for  

circular sawn boards. R
2
 is 0.98 and  

SEE is309.4 MPa. 
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6. Analysis 

In 5.3 Regression analysis between IPs defined according to MOE profiles a 

coefficient of determination,   , and a standard error of the estimate,    , 

were determined, for both the band sawn boards and the circular sawn 

boards, between the IPs defined by MOE profiles determined before and 

after planing, see Table 3. Further, in 5.4 Regression analysis between IPs 

defined according to dynamic MOE the    values and the     values were 

determined between the IPs defined by dynamic MOE determined before 

and after planing for both band sawn boards and circular sawn boards, see 

Table 3.  

Table 3: The first two rows presents the result from the regression analysis 

performed on band sawn and circular sawn boards by IPs defined according 

to MOE profiles determined before and after planing. The last two rows 

presents the result from the regression analysis performed between IPs 

defined according to dynamic MOE determined before and after planing for 

band sawn and circular sawn boards. 

 R
2 

SEE 

Band sawn, 

MOE profile 

0.94 829.1 MPa 

Circular sawn, 

MOE profile 

0.93 640.9 MPa 

Band sawn, 

dynamic MOE 

0.99 259.5 MPa 

Circular sawn, 

dynamic MOE 

0.98 309.4 MPa 

From the results presented in Table 3 it is shown that, by applying the 

strength grading method based on the fibre orientation an    value of 0.94 is 

obtained between the IPs defined before and after planing for band sawn 

boards. If instead the IPs are defined according to dynamic MOE the 

coefficient of determination is 0.99 for the band sawn boards.  

The SEE values in Table 3 are the standard error of the estimate. These 

values are the standard deviation of the errors of the pair of observations 

plotted in respective scatter plot. The error is defined as the distance in the y-

direction between a plotted pair of observation and the regression line. As a 

last step in this investigation the four SEE values was implemented into the 

sample of the 105 boards Olsson et al (2013) used in their investigation. The 

procedure is explained in the next paragraph.  

There are four SEE values in Table 3 based on the investigation of the 82 

boards used in this study. The SEE values were determined by regression 

analysis between IPs defined before and after planing either by MOE 

profiles or by dynamic MOE. For the sample of the 105 planed boards used 

by Olsson et al (2013) in their investigation a regression analysis yielded 
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a    
of 0.68 between bending strength and the IPs from the MOE profiles, 

see Table 4    undisturbed. By adjusting the IPs determined by the MOE 

profiles for the 105 planed boards with an error vector based on the SEE 

value 829.1 MPa an estimated    
value was obtained. Because of that the 

estimated    value is based on an error vector in which normally distributed 

random numbers are used the result will differ. For the band sawn boards the 

mean of a hundred calculated R
2
 is 0.63, see Table 4 R

2
 band sawn. With the 

same procedure as described above but with the SEE value 640.9 MPa, the 

circular sawn boards yields an R
2
 of 0.65, see Table 4 R

2
 circular sawn. The 

estimated R
2
 values of 0.63 and 0.65 are approximations of the R

2 
that 

Olsson et al (2013) would have obtained if the 105 boards instead of being 

planed had band sawn respective circular sawn surfaces. The full calculation 

procedure can be reviewed in Appendix 7. The corresponding values 

described above but for the IPs defined by dynamic MOE are presented in 

Table 5.  

Table 4: Estimated R
2
 values for circular sawn and band sawn boards 

between bending strength and IPs defined according to MOE profiles. 

R
2 

undisturbed R
2
 circular sawn R

2
 band sawn 

0.6787 0.6474 0.6278 

Table 5: Estimated R
2
 values for circular sawn and band sawn boards 

between bending strength and IPs defined according to dynamic MOEs. 

R
2 

undisturbed R
2
 circular sawn R

2
 band sawn 

0.5919 0.5829 0.5854 
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7. Discussion 

Previous research has shown that a WoodEye® system can determine the 

fibre orientation on surfaces of planed boards (Petersson 2010). Further, 

Olsson et al (2013) has showed that the method based on fibre orientation 

used in this study for strength grading purposes predict the strength in 

planed boards with a higher accuracy than the methods used on the market 

today. 

When performing a regression analysis the highest value for the coefficient 

of determination,     is one i.e. the relationship between the predictor 

variables and the response variables is perfect. In this investigation one of 

the predictor variables has been the lowest value along a moving average 

MOE edgewise bending profile that was established for a board when it had 

sawn surfaces. The lowest value along the corresponding MOE profile after 

planing was set to be the response variable for that regression analysis. The 

regression analysis made for the sample of band sawn boards, according to 

above described, yielded a         and a     of           . The 

corresponding for the sample of circular sawn boards was      and 

         .  

The SEE values for the band and circular sawn boards were then 

implemented onto the sample that Olsson et al (2013) used in their 

investigation in which the relationship between bending strength and IPs, 

defined according to MOE profiles, for planed boards were known. The 

known coefficient of determination,   , for that sample was 0.68. If that 

sample instead had band sawn surfaces an estimated    value would be 

0.63, see Table 4. For the same sample, if instead the     value for the 

circular sawn boards were implemented an estimated    would be 0.65, see 

Table 4. By comparing these     i.e. those given in Table 4, it is shown that 

the    would decrease if the surfaces instead of being planed had been sawn. 

However, the estimated    values received, for band respective circular 

sawn surfaces, according to MOE profiles are still improvements to the 

   of 0.59 that Olsson et al (2013) received for the same sample through 

dynamic MOEs. 

The     values determined in this investigation through MOE profiles are 

based on both weight and dimensions. This means that the decreasing of the 

estimated    values mentioned in the previous paragraph not only depends 

on the interpretation of the fibre orientation but also on the reduction of 

weight and dimensions that occurred because of the planing. The values in 

Table 5 i.e. the estimated values of the    between bending strength and IPs 

defined by dynamic MOE, indicate that the    value discussed in the 

previous paragraph decreased due to planing.  
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8. Conclusion 

This investigation suggests that the fibre orientation on surfaces of both 

band sawn and circular sawn timber can be interpreted by an optical 

scanning such as the Wood® system. Furthermore, the analyses made in 

Chapter 6 indicate that the circular sawn timber is better than the band sawn 

timber, from a grading perspective.  

As further research in this subjected either the influence of the decreasing 

weight and dimension is to be examine or to make a regression analysis 

between bending strength and IPs defined according to MOE profiles for 

sawn surfaces. 
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Appendix 

1. Measured values for band sawn board before planed 

2. Measured values for circular sawn board before planed 

3. Measured values for band sawn board after planed 

4. Measured values for circular sawn board after planed 

5. Indicating property for band sawn boards 

6. Indicating property for circular sawn boards 

7. Calculation procedure for adjusting the IPs defined by Olsson et al 

(2013) 
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1. Measured values for band sawn board before planed 

Measured values for band sawn boards before planed.  
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2. Measured values for circular sawn board before planed 

Measured values for circular sawn boards before planed. 
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3. Measured values for band sawn board after planed 

Measured values for band sawn boards after planed.  
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4. Measured values for circular sawn board after planed 

Measured values for circular sawn boards after planed. 
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5. Indicating property for band sawn boards 

Indicating property (IP) for band sawn boards determined as the lowest value on the moving 

average MOE, edgewise bending profiles together with the IPs distance from root ends. 

 



  
 

 

6. Indicating property for circular sawn boards 

Indicating property (IP) for circular sawn boards determined as the lowest value on modulus 

of elasticity profiles together with the IPs distance from root ends. 

 



  
 

  

7. Calculation procedure for adjusting the IPs defined by Olsson et al (2013) 

clear all 
R2_ostord_cirk_band=[]; 
for k=1:100 
 

%---- Normally distributed random numbers ----% 

slumptalsvektor=randn(105,1); 

  
%---- IP values for the sample of the 105 boards used in Olsson et al 

(2013) determined by MOE profiles ----% 

IP1=[IP]; 

  
%---- Bending strength for planed boards ----% 

bs=[bending strength values]; 

  
%--- The standard error of the estimate for band sawn ---% 
SEEband=829.1*1e6; 

  
%--- The standard error of the estimate for circular sawn ---% 
SEEcir=640.9*1e6; 

  
%---- Error vector ---%  
felvektorband=slumptalsvektor*SEEband; 
felvektorcir=slumptalsvektor*SEEcir; 

  
%---- New IP values ----% 
b=ones(105,1); 
aband=IP1+felvektorband; 
acir=IP1+felvektorcir; 
IPband=[aband b];            
IPcir=[acir b]; 
IPostord=[IP1 b]; 

     
%---- New regression analyze of the band sawn boards ----% 
[BB,BINT,R,RINT,STATS]=regress(bs,IPband); 
R2band=STATS(1); 

  
%---- New regression analyze of the circular sawn boards ----% 
[BB,BINT,R,RINT,STATS]=regress(bs,IPcir); 
R2cir=STATS(1); 

  
%---- Regression analyze without disturbance----% 
[BB,BINT,R,RINT,STATS]=regress(bs,IPostord); 
R2=STATS(1); 

  
R2_ostord_cirk_band=[R2_ostord_cirk_band; R2 R2cir R2band]; 
end 
 

%---- Mean value ----% 
mean(R2_ostord_cirk_band) 
std(R2_ostord_cirk_band) 

 

 

 


