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Abstract 
A cost efficient process is the goal of every part of the wood processing chain. It 
is directly related to a yield that is gained out of a raw material. On the other 
hand these processes have to deliver a certain product quality in order to satisfy 
customer needs. Very often a tradeoff has to be made between the yield and the 
product quality through optimization processes. The main objective of this work 
was to study if the research design can be used for the purpose of predicting 
scanning operation parameters, in order to maximize the yield and keep the 
mean length of the accepted pieces of center boards at a desired value. The 
obtained partial least squares (PLS) regression models quite accurately 
predicted optimum operating settings for the given material. This method can be 
used to achieve the goal of optimizing the cross cutting operation. Nevertheless 
the knowledge about the origin of processed boards in terms of the log type they 
were sawn from is significant, since developed models differed between each 
other accordingly.   
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1. INTRODUCTION 
 
A solid wood processing chain can be roughly divided into primary, secondary 
and final wood processing. The goal of every part of the chain is a cost efficient 
process that achieves a highest possible yield from the raw material [1]. On the 
other hand these processes have to deliver a certain product quality in order to 
satisfy customer needs. Material is optimized along the processing chain to fit a 
certain product quality specification. Vourilehto [2] defines the quality of sawn 
wood as its usefulness for the intended purpose.  
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Along with the nature of its properties, the visual appearance of sawn wood 
varies a lot. The value of sawn wood depends on the quality which is defined by 
the features that are present in timber. Usually in practice, according to 
Vourilehto [2] the most important factors that influence quality are knots. 
Knottiness of the raw material directly affects the knottiness of the final product. 
Grönlund et al. [3] have shown how the waste, related to cut away defects in 
cross cutting of wood, increases significantly when there are demands for small 
knot sizes and long wood lengths.  
 
The data intended for this study was collected at the cross cutting operation 
within the finger-joint component factory (Fig. 1). The process of automated 
cross cutting is fully described by Rönnqvist et al. [4]. The process of finger 
jointing is described by Grönlund et al. [3]. The material was followed through a) 
primary processing at the sawmill and b) secondary processing at the finger-joint 
component factory, both owned by Martinsons company. The finger-joint 
component factory is a supplier of an c) IKEA furniture factory (Fig. 1).     
 
 

 
Figure 1: Project material collecting steps; a) the saw logs were classified 

according to the log type (1) and the sawing pattern (2) at the sawmill. After 
sawing and drying there were six groups of center boards (3) which were further 
processed in the b) finger-joint component factory: WoodEye scanner (4), cross 
cutting (5) and finger-jointing (6). Finger-joint components were ripped in half c) 

and profiled into cabinet legs at the IKEA furniture factory. 
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WoodEye One [5] is the scanning system that is installed in the finger-joint 
component factory and used for decision making in the cross cutting operation. 
For this particular product, cross cut decisions were made according to the 
specifications of both IKEA and Martinsons. 
 
The finger-jointed components have to fulfill requirements of the surface quality 
such as the occurrence and sizes of different features, for instance: black and 
fresh knots, pitch pockets, bark and cracks, thus the customer (IKEA) defines 
the limitations and acceptability of these various features.  
 
As discovered by both IKEA and Martinsons, an important result of the finger-
jointing process is the mean length of the accepted pieces after cross cutting. 
These components are later processed into products, cabinet legs of the IKEA´s 
Hemnes series (see Fig. 1). Shape rectangularity and dimensional stability are 
the quality requirements of the legs and are directly influenced by 
aforementioned mean length.  If the mean length value is too high, the quality of 
the cabinet legs might be compromised since boards often, according to 
Cassens [6], become crooked after ripping due to relieving of longitudinal 
stresses that remained after drying. On the other hand if the obtained mean 
length is too short, the finger-joint component factory loses its productivity rate. 
Thereafter keeping the mean length of the accepted pieces for this particular 
product at a desired value is important along with keeping the yield at the 
highest possible value. As Martinsons has empirically discovered the desired 
value for the mean length is 400 mm. This value was used in the analysis even 
though being irrelevant for the presented method itself.  
 
Research design investigation i.e. design of experiments can be employed for 
the purpose of finding setting values that provide an optimum point for the both 
responses of the cross cutting operation. Research design approach hasn´t 
been used so far in order to reach this particular goal.   
 
Design of experiments (DOE) is a powerful tool that can be used in a variety of 
experimental situations. DOE allows for multiple input factors to be manipulated 
determining their effect on desired outputs (responses). Research design 
methodology is comprehensibly described by Eriksson et al. [7]. 
 
The main objective of this work was to study if the research design can be used 
for the purpose of predicting scanning operation parameters, in order to 
maximize the yield and keep the mean length of the accepted pieces of center 
boards at a desired value. 
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2 MATERIAL AND METHOD 
 
2.1 Material 
The material that was used for the purpose of this study consists of 252 sets of 
center board images that were saved and exported from the scanner´s control 
unit after scanning and processing had been done. One set consists of four 
images that depict longitudinal faces of the center boards.  
 
The center boards were sawn from Scots Pine (Pinus Silvestris) logs and were 
classified into six groups (Tab. 1) according to two criteria: the sawing pattern 
and the log type they were sawn from. There were two kinds of sawing patterns, 
2X and 3X, depending if there were two or three center boards, respectively, 
sawn from a single log. Center boards were also classified as if they were sawn 
from a bottom, middle or a top log. See Fig. 1, a. 
 
 

Table 1: The overview of material classification.  
GROUP SAWING PATTERN LOG TYPE 

1 3X Top 
2 3X Middle 
3 3X Butt 
4 2X Butt 
5 2X Middle 
6 2X Top 

 
 

2.2 Methods 
Two types of software packages were used in the analysis. The selection of the 
research design, partial least squares regression analysis (PLS) and the 
prediction of the optimum points for responses were done using the Modde 
9.1.software package [8]. All the experiments together with the validation of the 
predictions were performed with the WoodEye simulation software [5]. See Fig. 
2. 

 



4th International Conference on Production Engineering and Management 
 

 

Figure 2: The Method. 1. As a first step experimental range and values of factors 
were defined; 2. Research design was selected based on the experimental 

ranges and values of four factors; 3. Experiments were performed according to 
the design; 4. Results of the experiments were inputs for PLS modeling and 
prediction; 5. Predictions were validated in order to assess their accuracy. 

 
 
 

Research design 
The settings that follow quality specification of a product were referred to as 
factors while the resulting variables of the cross cutting operation, i.e. yield and 
the mean length, were referred to as responses. Of the four factors that were 
investigated the first two were related to wood features and other two were 
related to length limits of the accepted pieces. The experimental range and 
values of factors are presented in Tab. 2.  
 
 

Table 2: Four factors and their experimental range; Distances from the middle 
level to both low and high levels are equal. Middle levels of factors were 

standard settings of the Wood Eye One scanner for this product and the design 
of experiments was built around it. 

FACTORS 
 

LEVELS 
LOW MIDDLE HIGH 

Fresh knot [mm] 
 

21 28,1 35,2 
Black knot [mm] 

 
29,1 34,55 40 

Minimum length [mm] 
 

170 180 190 
Maximum length [mm] 

 
470 480 490 
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The experimental range of defect related factors, for this study, was defined by 
Martinsons. The values, as seen in Tab. 2, represent a limit square. For 
example the limit square at the low level for fresh knot is 21x21 mm2. A knot is 
classified as a defect only if a circumscribed square around it is bigger in both 
dimensions than the limit square.  
 
The experimental range and values of length related factors were determined 
according to three length modules of accepted pieces from standard WoodEye 
One settings for this product. A lower limit of the first length module can be 
varied without changing the other limits, so it was taken as the middle level for 
the minimum length factor – 180 mm. The same stands for the upper limit of the 
third length module which was taken as the middle level for the maximum length 
factor – 480 mm. It must be noted that three length modules had different 
pricing, where short pieces had the lowest and long pieces the highest price. 
Algorithms which were employed by the simulation software, weight the 
importance of three length modules according to the pricing. Therefore to a 
certain extent it has affected the yield and the lengths of the accepted pieces 
during experiments. 
 
A full CCF design requires n2 + 2n + 3 experiments, where n is the number of 
factors (Fig. 3). In the case of four factors, proposed CCF design requires 27 
experiments of which 16 are corner (factorial), 8 are axial and 3 replicated 
center point experiment. It is recommended to convey replicated experiments of 
a center point at least three times in order to discover the size of experimental 
variation [7].  
 
Within this study there were in total 25 experiments with only one center point 
experiment. There was no experimental variation since the simulation software 
provides the exact same results when running the simulation with the same 
settings. The center point represents the standard WoodEye settings which 
were used during cross cutting.  
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Figure 3: CCF design with three factors. Full circles represent corner (factorial) 
experiments. White circles represent axial experiments. The star represents a 

center point experiment. 
 
 
 
There were 24 setting parameters that had to be defined in the WoodEye 
simulation software during experiments. The setting parameters related to four 
aforementioned factors were varied on three levels, see Tab. 2, and according 
to the CCF design, while other 20 setting parameters were kept constant 
throughout experiments. 
 
PLS regression modeling and prediction  
The research design that was chosen for the purpose of this study was a central 
composite face-centered (CCF) design. This design gives the in-depth 
information about the relation between few dominating factors and responses. 
Semi-empirical mathematical models of a second order are developed to 
estimate the true relation [7]. 
 
As there were two responses and six groups of center boards, twelve models 
were developed and fitted using partial least squares regression analysis (PLS). 
Basic principles of PLS regression are described by Esbensen [9]. The CCF 
design enabled development of quadratic models. Non-linear quadratic 
relationships between responses and factors were approximated by a 
polynomial function of a second order. A general formula of such function is 
shown below (1).  
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where : Y – response; Xi´s – factors; β0 – the constant term; βi´s – the main 
regression coefficients; βij´s – the interaction regression coefficients; βii´s – 
squared regression coefficients; ε – residual response variation not 
explained by the model. 
 
 

The obtained mathematical models were used for defining the factor values that 
maximize the yield and keep the mean length of the accepted pieces at the 
desired value of 400 mm. Optimizer is a software function [9] that was used for 
prediction of this optimum point. 
 
Validating PLS regression predictions using “WoodEye” simulation software 
The predicted values of factors that provide the optimum point for the responses 
were used for validation step in the simulation software to get the actual 
response values. Input data for these experiments were factor values calculated 
using the optimizer function. A single experiment per group of center boards was 
done with the simulation software with the aim to compare actual and predicted 
values of responses.  
 
In order to assess the accuracy of predictions that the PLS regression models 
provided, the actual response values were compared with the predicted 
response for all of the six groups of center boards.  
 
Another comparison between three types of experiments was made in order to 
compare response values between the optimum point, center point and 
maximum yield experiments. The results of the center point and maximum yield 
experiments were taken from the design matrix. Maximum yield experiment was 
chosen for this comparison since it was expected that, due to the optimization, 
the yield for the optimum point experiment can be slightly lower than that of the 
maximum yield experiment. It was also expected that the yield response values 
from the optimum point experiments would be higher than those from the center 
point experiments since the upper levels of defect related factors increase the 
acceptability of the material i.e. give higher yields. The same comparison was 
made for mean length response in order to observe the variation of mean length 
values around the desired value of 400 mm.    
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3 RESULTS 
 
Predicted and actual values of responses are shown side by side in Tab. 3. 
Predicted responses are the results of corresponding predicted values of 
factors, obtained using optimizer function in Modde. These factor values when 
used as inputs for WoodEye simulations provided actual response values. 
Prediction ability of the PLS models can be assessed by comparing predicted 
and actual values of responses. 
 
 

Table 3: Parallel overview of the predicted and actual response values in the 
optimum point for each of the six groups of center boards. 

GROUP 
RESPONSES - PREDICTION  RESPONSES – ACTUAL VALUES 

Yield [%] Mean Length [mm] Yield [%]  Mean Length [mm] 

1 78,29 400 77,85 401 

2 88,49 400 87,95 395,5 

3 88,56 400 88,36 399,8 

4 83,12 400 83,03 398,9 

5 86,37 400 86,23 398,9 

6 84,83 400 84,41 397,2 
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The results of two responses from three different experiments are plotted next to 
each other for all of the six groups of center boards in Fig. 4.  
 
 

 

 

Figure 4: a) Overview of yield response compared between the center point 
experiment (standard WoodEye settings), optimum point experiment and the 
experiment with the maximum obtained yield; b) The overview of mean length 
results compared between the center point experiment (standard WoodEye 
settings), optimum point experiment and the experiment with the maximum 

obtained yield. Black line at the value of 400 mm denotes a desired value for 
mean length. 
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4 DISCUSSION 
 
The CCF design has shown to be a good choice for the purpose of this 
investigation. As there were non-linear relationships between responses and 
some factors, a CCF design led to the development of quadratic polynomial 
models which in this case, unlike factorial designs, can closely approximate the 
true relation between responses and factors. Furthermore it requires fewer 
experiments than a central composite circumscribed design (CCC) that inspects 
each factor on five levels, which is found to be redundant for this analysis.      
 
As it can be observed from Tab. 3, the prediction of PLS models appear to be 
accurate for all of the six groups of center boards. That can be attributed to 
rather strong developed models. Such strong models in wood science are not so 
common but it should be stressed that this multivariate analysis was done using 
the data from controlled experiments.  
 
Except for group 5, yield response values from the optimum point experiment 
were, as expected, higher than those from the center point experiments and 
slightly lower than those from the maximum yield experiments. On the other 
hand the mean length response values from the optimum point experiments 
were found to be closest to the desired value of 400 mm.   
  
Since the investigation included fresh and black knots as factors, the customer 
that orders finger-joint components has to approve changes in limits for these 
two quality requirements. An optimum point that is proposed by model most 
likely has these values different from standard ones. This finding can truly 
question the existence of strict specifications for wooden features that are often 
put by customers. From an aesthetical point of view the features of wood can 
only subjectively be experienced as defects. 
 
The developed models could be used only for exactly same kind of product and 
quality requirements as presented in the study and also producing it from the 
boards that belong to the same type of log. Nevertheless, the method presented 
in this study can be useful and implemented in the finger-joint component factory 
for specific products where there are requirements regarding the mean length. 
Models together with predictions can be developed for different center board 
dimensions and materials. This is in the line with findings of Grönlund et al. [3] 
where it was shown that it would be possible to predict which wood quality is the 
most economical for a given application, if wood properties as well as quality 
and length requirements are known. 
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5 CONCLUSIONS 
 
The main conclusion that answers the objectives of this study is that the 
experimental design approach can be used to achieve the goal of optimizing the 
cross cutting operation within the finger-joint component factory, through the 
presented method.  
 
Furthermore additional conclusions arose during the analysis of the results. 
These conclusions are related to the limits of the method.  
 
For the method to be applied in the industry, control over the input material in 
terms of the log type is necessary to exist in the sawmill. This shows to be 
important since the presence of fresh and black knots is different in different log 
types. Reducing the variation of the input material in this manner would lead to 
the development of PLS regression models that would give accurate predictions 
of the optimum points for the two responses.  
  
Since the optimized settings for four factors differ from the standard operating 
settings both the customer and the supplier have to agree on these new 
settings. This implies that even closer communication between the supplier and 
the customer of the finger-joint components is needed in order to approve 
proposed optimum values of the four crucial scanning operation parameters. 
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