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Abstract
When electromagnetic waves propagate through wood they will be affected by variations in 
the dielectric properties. These variations are related to different properties within the wood. 
Dielectric properties of wood depend on moisture content, density, temperature, grain angle 
and frequency of the electromagnetic wave. The aim with this study was to use three-
dimensional finite element modelling (FEM) in combination with multivariate statistics and 
projection to latent structures (PLS) to develop a prediction model for moisture content and 
dry basis density in wood. An X-ray computed tomography (CT) scanner was used to detect 
density and, with that, moisture content in wood. Dielectric properties were calculated within 
a wood volume and used in the simulation. Different frequencies and directions of the electric 
field were simulated. Previous studies have shown that this method gives a good description 
of the interactions between wood and microwaves in two dimensions. The results show that 
3D finite element modelling can be used to generate a prediction model for moisture content 
from microwave scanning. Other properties of wood such as density and grain angle have less 
influence on the microwaves but might be predicted by further processing of the signal. 
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1. Introduction 
Variations in the moisture content of sawn lumber will cause losses due to reduced quality 
and excessive drying cost. Commercial systems for in-line monitoring of moisture are 
available but they could still be improved according to Esping (2003). For example, they need 
correction for density variations. Microwave sensors provide the opportunity of separating 
such properties as moisture density from the dry wood density. For this purpose it is necessary 
to relate variations in wood properties to the complex information that can be obtained from 
the microwave signal. Johansson et. al (2003) have shown that multivariate calibration and 
projection to latent structures (PLS) can be used to generate prediction models for moisture 
content (MC) and density distribution. The present work originates in a two-dimensional 
finite element model that was developed by Hansson et. al (2006) to describe the interactions 
between wood and microwaves in an imaging scanning system. The simulation model have 
also been used to describe the interactions during thawing of wood (Lundgren et. al, 2006) 
and microwave heating (Hanson et. al, 20051).
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Fig. 1. A schematic description of how the model was generated. The model can be applied to 
data from a microwave sensor for prediction of different properties. 

The variations in density, MC or structure of the wood are sometimes large and it could be 
complicated to calibrate the scanner to all possible combinations. The method that is 
presented here makes it possible to generate prediction models and test the results during 
varying conditions. A general description of the working procedure is shown in Fig. 1. Images 
of green and dry density are used to calculate dielectric properties of the wood. The 
interaction with an electromagnetic field can then be simulated in a FEM simulation. 
Information about the field was exported and used for prediction of moisture and density 
distribution. Predicted and measured distributions were compared in the FEM simulation. The 
intention is to use the model in combination with data from the microwave scanner for 
prediction of wood properties as indicated in the figure.
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2. Materials and Methods 
The simulation model was developed to describe microwave propagation in a board of Scots 
pine (Pinus sylvestris). A planed board with the cross section 145 x 49 mm was chosen and a 
section from the board with the length of 100 mm was CT-scanned in green and dry 
condition. Average MC was 21% with a standard deviation of 1.9% and average dry density 
was 462 kg/m3 with a standard deviation of 19 kg/m3.

2.1 Microwave Scanning 
The present work has developed from simulations of how electromagnetic waves interact with 
wood. These simulations have been used to generate prediction models for the response from 
a microwave scanner that was developed at LTU, Skellefteå (Johansson, 2001). The scanning 
system and how wood interacts with microwaves has been described by Hansson et. al 
(20052). The influence on the signal can be described by attenuation, polarisation and phase 
shift (delay) of the transmitted microwave. 

2.2 CT-scanning 
The scanner used was a Siemens Somatom AR-T. The piece of wood was scanned with a 5 
mm wide X-ray beam at every 5th mm. It has been shown by Lindgren (1992) that this method 
can provide three dimensional images of wood density with a high accuracy. The annual ring 
pattern is not fully resolved but variations that are large enough to affect microwaves will be 
clearly visible. 

2.3. Elastic registration 
Fig. 2 shows a basic drawing of shrinkage during drying in a piece of wood. When the 
distribution of density in two CT-images, taken at different moisture contents, is compared to 
each other, the images have to be aligned. This can be done by transforming the image of dry 
wood to the same shape as the image of green wood. Local variations due to differences in 
density, grain angle or other properties means that different parts of the image must be rotated 
translated and stretched in different directions.

Green Dry

Fig. 2. The main change in shape of a cross section from a sawn board during drying. 

Elastic registration as described by Arganda-Carreras et. al (2006) was used to align the 
images of dry and green wood. This algorithm, implemented as a plugin in a software that is 
available for download as shareware (ImageJ, 2007), uses patterns (for example from annual 
rings) in the two images to transform the image of dry wood back into its original shape. The 
distribution of moisture was calculated by subtracting the two images. A piece with the 
dimensions 135 x 39.5 x 95 was cut out from the image stacks to make sure that defects at the 
boundaries were removed. 

2.4. FEM-modelling 
Simulation models were constructed in three dimensions using the finite element method 
(FEM) as described by, among others, Jin (2002). The software used in the simulations was 
Comsol (2006) Multiphysics 3.2b. Dielectric properties of the wood were calculated by using 
the moisture and dry density distribution in combination with tabulated data, compiled by 
Torgovnikov (1993). A plane wave was propagated into the wood and the attenuation and 
phase was calculated at three different planes, transverse to the propagation direction. Fig. 3
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shows the location of the three planes. MC and dry wood density was calculated as average 
values for the travelled distance in the wood. 

Plane 1, t = 15 mm

Plane 2, t = 30 mm

Plane 3, t = 39.5 mm

Fig. 3. The field was measured at 15, 30 and 39.5 mm penetration depth. 

2.5. Multivariate Calibration 
Prediction models were calibrated by projection to least square (PLS) regression as described 
by Martens and Naes (1989) using the Simca-P 11.0 software from Umetrics. Dry density and 
moisture content multiplied with the position of the plane (t in Fig. 3) were used as response 
variables while attenuation and phase were used as predictors.

3. Results 
It was not possible to process the number of gridpoints that are required to keep the resolution 
from the CT-images in the FEM model. The maximum element size was set to 6 mm which 
means that the structure was not fully resolved. Fig. 4 shows that information was lost in 3D 
models. This means that effects from reflections and scattering will be underestimated. 

Fig. 4. The annual ring pattern is visible in a dry 
density image from the 2D simulation (left) but not in a 
cross section from the 3D simulation (right).  
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The correlation coefficient was R2 = 0.37 for prediction of density and 0.43 for prediction of 
MC but the results are highly correlated to thickness. The phase shift will depend on how far 
the wave has propagated through the wood as is illustrated in Fig. 5 and variations in the 
wood will give differences in MC and density for the different planes.  

Plane 1

Plane 2 
Plane 3

Fig. 5. The phase shift will depend on how far the wave has travelled in the wood. The 
thickness is 15 mm in Plane 1, 30 mm in plane 2 and 39.5 mm in plane 3.

Amplitude of the signal is the variable with most importance for prediction of MC while the 
influence from phase is higher on the prediction model for dry density. Fig. 6 shows the
remaining influence from thickness in a prediction model when phase had been compensated 
for thickness. 

Plane 3

Plane 2 Plane 1

Fig. 6. The influence from variations in thickness when MC is plotted versus predicted MC. 
The thickness is 15 mm in Plane 1, 30 mm in plane 2 and 39.5 mm in plane 3. 
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It is possible to predict the distribution of moisture when the thickness is kept constant in the 
models (Fig. 7). The density distribution could not be predicted in this study (Fig. 8). 

Fig. 7. Calculated MC at t = 39.5 mm in the FEM model (left) compared to predicted 
MC (right). 

Fig. 8. Calculated density at t = 39.5 mm in the FEM model (left) compared to 
predicted density (right).

4. Conclusions 
The method that is described in this study is intended as an automatic tool to be used in the 
generation of prediction models for wood properties from microwave scanning. This method 
requires a high number of degrees of freedom in the FEM simulation in order to resolve the 
inner structure of the wood. The predicted distributions will always be coarse due to scattering 
and reflections which means that a lower resolution can be used in the PLS model.  

This method will be useful when it is possible to handle the high amount of data. The models 
could then be improved by including more variables, for example polarisation of the field and 
by taking measurements at several frequencies. The variables will require pre-treatment in 
order to obtain linear relations in the PLS model. 
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