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Simulation of the yield of knot-free boards from Scots pine (Pinus 
sylvestris L) – A comparative study of square sawing and star sawing. 
DICK SANDBERG, JIMMY JOHANSSON, PETER NEUBAUER 

Abstract 
This work describes a simulation of the removal of knots from square-sawn wood and 
from wood sawn with the star-sawing pattern. The efficiency of the two methods is 
compared according to the length of the received boards and the volume exchange. The 
production of wood free from knots is important since the market demands wood 
without knots for reasons of both appearance and material properties. 

The simulation is done with data for trees and logs taken from The Swedish Stem Bank. 
The data is then used to simulate the sawmill process in a computer program called the 
Virtual Sawmill. Data related to the received boards are then used in a MATLAB model 
simulating the cross cutting of knots. 

The simulation gave a mean knot-free board length of 263 ±100 mm and a spillage of 
15.9 % when logs with a top diameter of 100-370 mm are square sawn. Star sawing 
simulated for logs with a top diameter exceeding 230 mm gave a mean knot-free board 
length of 417 ±321 mm, while the mean length of knot-free boards was 298 ±122 mm 
for square sawing when simulating sawing of the same logs. Under these conditions the 
volume losses for cross cutting is 9 % for star sawing and 13 % for square sawing. This 
shows that star sawing has a potential for the production of knot-free wood.  
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1.  Introduction 
The number of knots in timber and their location, shape and nature are important for the 
appearance, strength properties and susceptibility to distortion of the material. This 
means that wood for use in high quality joinery must preferably be without knots, 
especially on the visible surfaces. 

As a consequence of market demands, the mechanical wood industry in Scandinavia in 
recent years has become more interested in producing knot-free wood from the 
domestic softwoods, especially Scots pine. A consequence of this is that, for example, 
the volume yield when producing such wood is becoming increasingly important. 

The choice of sawing pattern strongly influences the geometrical appearance and also 
the distribution of the knots in the sawn timber. Normally, it is expensive to produce 
clear wood from the main yield of square-sawn boards because of high volume losses, 
especially when long lengths are produced. This means, that knot-free pieces of wood 
are normally produced from knot-free sideboards. 

The distribution of knots in Norway spruce has been studied by Limieux et al (1997) 
who found that there is a high potential for improving the sawing yield by adjusting the 
log position in sawing depending on the knot distribution. They also concluded that 
knots around the pith tend to appear more frequently on the south-facing part of the 
stem. 

Sandberg (1996) has suggested a manufacturing method to produce wood with vertical 
annual rings and without knots. This method is called the PrimWood Method and 
includes the sawing of the log according to the star-sawing pattern and the further 
refinement of the sawn products. Sandberg (1998, 2004) describes the procedure in 
detail. 

The proportion of knot-free material that can be obtained from star-sawn pine timber 
with a triangular cross section has been investigated through the test sawing of logs 
from different parts of Sweden (Sandberg et al 1996). In the investigated material, a 
mean volume reduction of 8 % was obtained calculated with respect to the volume of 
triangles, when producing knot-free boards of pine. The boards produced have a broad 
spectrum of lengths between 2 and 500 cm. 

In an investigation by Sandberg et al (1998), the losses associated with the removal of 
defects in star-sawn triangles of Scots pine constituted less than 15 % of the volume of 
the triangles. The knots were responsible for most of the cutting spillage, 12.8 % of the 
volume of the triangles. The results of evaluations of the star-sawing method indicate a 
potential for producing knot-free wood of high quality with an acceptable material 
utilization.  

The object of the present study was to examine the lengths of knot-free pieces that it is 
possible to cut from boards sawn with two different sawing patterns. The volume yield 
from sawn boards to knot-free pieces is also of interest.  
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2.  Materials and methods 
The distributions of knots for two different sawing methods have been examined in this 
study, viz square sawing and star sawing, figure 1. The simulation has been done with 
help of three different tools in sequence: 

- The Swedish Stem Bank, used for gathering information on trees and logs. 

- The Virtual Sawmill program used for sawing the logs according to the square-
sawing and star-sawing patterns. 

- A MATLAB simulation module used for the cross cutting of boards. 

   
Figure 1. The square-sawing and star-sawing patterns examined in this study. 

The Swedish Stem Bank 

The Swedish Stem Bank is a database for different silvicultural and wood properties. 
The basis of the bank is the CT-scanning of 200 carefully selected pine stems from 33 
sample plots all over Sweden. The stems have been chosen from permanent sample 
plots managed by the Department of Forest Yield at Garpenberg in Sweden. These have 
been observed over a long period, up to 100 years, which means that the silvicultural 
history is extremely well documented. The acquisition of data in the different parts of 
the Stem Bank and how the data from the CT-scanning has been reduced is described by 
Grundberg et al (1995) 

The logs were scanned using a medical computer tomograph (CT) device from Siemens. 
The CT-scannings were made every 10 mm in the whorls and every 40 mm between the 
whorls. After scanning, the missing images between the whorls were filled in by 
interpolation. The X-ray tube and the detector array (900 detectors) positioned at 
opposite sides of the log rotate around the log, measuring the density 720 times per 
rotation. After CT-scanning, an image that describes the density variations is 
reconstructed from the measurements. The logs in the database are divided into butt 
logs, middle logs and top logs. Most of the trees were crosscut into three parts.  

The description of a log after CT-scanning contains the absolute position of the pith and 
the distance of the surface and the heartwood border from the pith for every scanned 
cross section of the log. 

The knots are stored as a set of parametric equations. For each knot, there are eleven 
parameters describing the knot surface, the location and direction of the knot pith, the 
height of the origin and so on. For a further description of the knot model and the 
parameters, see Grundberg (1994). Figure 2 shows an example of the reconstruction of 
the knot axis (pith) and whorls. The equations used for reconstruction are taken from 
Grönlund et al (1995). 
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Figure 2. An example of a reconstruction of whorls and the extension of the knot 
  axis. 

The Virtual Sawmill program 

The Virtual Sawmill program is a software tool for simulating the sawing process. The 
raw data is supplied from the Stem Bank. The program uses the parametric models of 
the knots and the surface description of the log to generate a visual reconstruction of the 
log and to saw it. The output from the program is the surface which represents the 
borders of sawn boards. The program steps through all sections of the log as polygons 
and divides them into two parts, the cut representing the new parts sawing surfaces. 
After the support polygons have been generated, the whole surface is interpolated and 
the sawn board exists as an object whose borders are planes or the original log surface.  

In this version of the program, the simulation of the positions of the knots on the sawn 
boards means that the knots are intersected with the border planes of the boards, 
resulting in a projection of the three dimensional knot data on the two-dimensional 
board surface. With knot information only on the surface, it is not possible to trace a 
knot that has two or more shapes on different surfaces on the same board. A further 
consequence is that it is not possible to treat the sawn board with the knots on it in a 
second step separate from the first, for instance in order to split thick boards into 
smaller dimensions. 

As a consequence of this a new program module was constructed. Whereas the original 
program calculates the positions of the knots on the sawn surface, the experimental 
version used for this study treats every sawn product as an object similar to the original 
log. This makes it possible to treat the knots as three-dimensional objects. The knots 
now can be examined inside the boards as well as on the board surfaces, which was not 
possible with the two-dimensional information available in the original program 

. 
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MATLAB programming module 

With the position data coming from the new module for the sawing process in the 
Virtual Sawmill, the cross cutting of the boards was performed in a MATLAB 
programming tool. The “cross cutting engine” was designed to remove all knotty parts 
from the boards. The kerfs were placed exactly at the start and end positions of the knot 
extension. No margins for the removal of fibre disturbances were added. Multiple knots 
were treated as a single knot, and overlapping knots were cut together. Figure 3 shows 
an example of the cross cutting result. Finally, the different lengths of knot-free boards 
and the cut-off pieces were stored for evaluation.  

For the distribution of knot-free length, only boards with a minimum length of 120 mm 
were included in the statistical evaluation. It was assumed that boards with a length 
shorter than 120 mm are too short for further practical usage. Knot-free boards shorter 
than 120 mm were classified as cut-off spillage. 

 

  
Figure 3. An example of the position of knots and their extension in a part of a 

board in the cross cutting routine in MATLAB. 

Logs and trees selected for the simulation 

The logs of Scots pine from 33 different areas, a total of 628 logs from 198 trees, have 
been examined in this study. For the star-sawing pattern only logs with a top diameter 
above 230 mm have been used in the simulation (a total of 142 logs). The square sawing 
was used both on all the 628 logs and in a comparative study with the 142 logs used for 
star sawing. 

Sawing patterns 

The board dimensions varied when the same log was sawn according to the sawing 
patterns, but the simulation was intended in this case to give information about the knot 
occurrence depending on the sawing pattern with exactly the same raw material. 

Table 1 shows the sawing patterns for square sawing. In the simulation, the dimensions 
in table 1 have been used, and these may be compared with the dimensions for star 
sawing given in table 2.  

To obtain comparable results, only boards with a rectangular cross section from each 
sawing pattern have been examined. For square sawing this is the main yield, and for 
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star sawing this includes the two centre boards and the four “wings”. For square sawing 
the dimensions of the sawn boards are chosen to give only two boards from the main 
yield. 

In this study, the position of the log in the first kerf of sawing was “crook upwards”. No 
wane was accepted on the sawn boards. 

 

 
Table 1. Sawing pattern for square sawing used in the simulation. Dimensions in  
  millimetres. 

Logs  Boards    
  Edge sawing  Resawing  

Lower 
diameter 

Upper 
diameter 

Thickness of 
side the boards  

Thickness of 
the block1) 

Thickness of 
side the boards 

Thickness of the 
main yield 

100 139 19 75 19 38 

140 154 19 100 19 38 

155 156 19 100 19 50 

176 177 19 125 19 50 

194 195 19 125 19 63 

206 207 19 150 19 50 

226 227 19 175 19 50 

240 241 19 175 19 63 

254 255 19 200 19 63 

268 269 19 200 19 75 

289 290 19 225 19 75 

310 311 19 225 19 50 

1) Equivalent to the width of the main yield 

 

Table 2. Sawing pattern for star sawing used in the simulation.  
  Dimensions in millimetres. 

Logs   Boards   
Lower 
diameter 

Upper 
diameter 

 Thickness Width Pith catcher 

230 309  38 75 38 x 75 
310 400  50 100 50 x 100 
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3. Results 

The position of knots in logs of Scots pine 

The distribution of knot distances in Scots pine is shown in figure 4. The knots are fairly 
regular at certain knot whorls, one for each year. The log section between the annual 
knot whorls has no or only a few knots. It is obvious that the distances between 
neighbouring knots in pine are strongly concentrated in the range from 0 to 100 mm. 
This indicates that most of the knots are situated in tight groups (whorls). Between these 
groups there are relatively large distances, distributed relatively evenly over a range 
from 100 to 600 mm. The mean value of the distance between whorls is 275 ±107 mm. 

   
Figure 4. Distribution of distance between neighbouring knots in pine logs for all 

33 test areas (628 logs, 44 000 knots). 

3.2 Square sawing 

Figure 5 shows the distribution of knot-free pieces after cross cutting when sawing 
according to the square-sawing pattern for butt, middle and top logs respectively. The 
result shows that boards sawn from top logs give shorter knot-free pieces than boards 
from other parts of the tree, but that there are no differences between boards from butt 
and middle logs. The results also show that the square sawing of large diameter logs 
results in longer knot-free boards than the sawing of small diameter logs. The 
dimensions of the boards are given in table 1. The mean knot-free length is 263 ±100 
mm. The mean volume of the knotty parts that were cut away is 15.9 ±7.5 % of the 
board volume. 
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Figure 5. Distribution of knot-free pieces from crosscut square-sawn boards from 

butt, middle and top logs respectively (628 logs). The lower diagram 
shows the proportion of the total number of knot-free pieces. 

3.3 Star sawing 

Figure 6 shows the length distribution of knot-free pieces from star sawing. In this test, 
only logs with a top diameter greater than 230 mm were included in the simulation. This 
gave a total of 142 logs.  

In star sawing, the top logs gave the longest knot-free boards. Middle and butt logs tend 
to give shorter knot-free board lengths. An explanation can be found in the 
characteristics of the whorl. In the data material used in this investigation, the whorls in 
the upper parts of the trees (e.g. top logs) contain fewer knots per whorl. This increases 
the possibility that the boards may avoid the knots in the whorl. 

   
Figure 6. Length distribution of knot-free boards from star sawing for all logs 

 with diameter > 230 mm. (142 logs). The lower diagram shows the 
 proportion of the total number of knot-free pieces. 
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3.4 Star sawing and square sawing in the same log diameter interval 

Figure 7 shows the distribution of knot-free pieces in square sawing and star sawing, 
when the same log has been sawn according to the same sawing pattern. The diameter 
range was chosen to cover all the logs available for star sawing, i.e. all logs with a 
diameter greater than 230 mm. A total of 142 logs were sawn. In star sawing, the mean 
length of a knot-free board was 417 ±321 mm. In square sawing, the corresponding 
value was 298 ±122 mm. The volume loss for cross cutting knots is 9 ±7 % for star 
sawing and 13 ±6 % for square sawing.  

 

   
Figure 7. Length distribution of knot-free pieces from boards sawn with the 

square-sawing and star-sawing pattern. 142 logs of pine with a top 
diameter >230 mm. The mark at 120 mm illustrates the lower length  
limit of boards included in the statistical evaluation. The lower diagram 
shows the proportion of the total number of knot-free pieces.  

4. Discussion 
The mean length of knot-free pieces of square-sawn boards is almost the same as the 
mean distance between whorls in Scots pine. The mean length of knot-free boards is 
slightly less than for mean distance between knot whorls, since only pieces longer than 
120 mm were included in the result of knot-free pieces. This means that in square 
sawing hardly any boards has passed through a whorl without meeting a knot. In other 
words, it is not possible in square sawing to produce knot-free boards from the main 
yield longer than the distance between whorls. 

The dimension of the main yield in square sawing has little influence on the occurrence 
of knots in the sawn boards. The main yield is located so close to the pith that there is 
no space for knots not to be represented regardless of the width of the board.  

It is also found that the star-sawing pattern is not sensitive in its yield of knot-free 
pieces to variations in the dimensions of the examined boards.  

In star sawing, the wood closest to the pith is sawn away to avoid the poor properties of 
the juvenile wood. In addition, the rectangular boards in star sawing are taper edged to 
obtain straight-grained wood, and to remove as much as possible of the juvenile wood. 
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In this study, however, the star-sawn boards were sawn much closer to the pith than 
would be done in practical sawing. This probably gives more knots in the star-sawn 
boards in the simulation than in practical sawing. At least, the occurrence of knots in the 
star-sawn boards is not underestimated in this study. 

When the volume yield of knot-free pieces was examined, only knots were considered 
as main defects. Fibre disturbance around the knots was not examined at all. This means 
that the result underestimates the losses when knot-free and defect-free boards are 
produced on an industrial scale. Sandberg et al (1996) have shown that mean loss when 
cutting away fibre disturbances around knots in star-sawn triangles of pine is about 5 % 
of the volume of the boards.  

The mean distance between two adjacent whorls in pine from all the testing areas in 
Sweden was 280 mm. The whorls were also found to twist a certain amount with 
respect to each other in the same direction with a cycle of roughly four whorls until they 
reach the same knot position again. 

A lower limit for the length of the knot-free pieces was 120 mm. From an analysis of 
the data from the Stem Bank, this length is also considered to be the minimum distance 
between the whorls of Scots pine in Sweden. It may not be of either practical or 
economic interest to take into account pieces shorter than 120 mm because of 
difficulties in refinement processes such as finger jointing. 

In this study, the position of the log in the first cut of sawing was “crook upwards”. No 
effort was made to optimize the volume yield by changing the log position when 
sawing. There may thus be more efficient positions for either of the sawing patterns, 
which could affect the results obtained for the length of knot-free boards.  

5. Conclusion 
The comparison of cross cutting of boards from star sawing and square sawing reveals 
differences in the length distribution of knot-free boards.  

The mean length of knot-free pieces from the cross cutting of star-sawn boards was 417 
mm compared with a value of 298 mm for square sawing. This means that star sawing 
on average gives boards 40 % longer than these obtained by square sawing. The 
minimum board length allowed was 120 mm. 

The standard deviation for the mean length of knot-free pieces was higher in star sawing 
(s = 321 mm) than in square sawing (s = 122 mm). 

The volume loss due to knots in the boards was about 4 % lower for star sawing than for 
square sawing, when the two methods were used on logs with a top diameter exceeding 
230 mm.  

The results show that star sawing utilizes the raw material better than square sawing 
with regard to the production of knot-free boards. The star-sawing method also 
generates longer boards but with greater differences in length than the square-sawing 
method. The star-sawing method therefore has a good potential for the production of 
wood for joinery.  
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