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1. INTRODUCTION

The purpose of  wood drying is to obtain material with the desired final 
moisture content. During the process, it is necessary to find a balance 
between the quality of  the wood and the energy and time spent. In 
order to find an optimal solution, it is important to know the condition 
of  the material to be dried at a specific time. The alternative is a costly 
trial-and-error method that requires the input of  a highly experienced 
kiln operator.

In widely used chamber-type convective dryers, wood is dried using 
turbulent drying air. In practice, to monitor wood drying, the electrical 
resistance method is predominantly used (Tronstad et al., 2001; Onysko 
et al., 2008; Björngrim et al., 2017; Bes-Bollmann, 2023), less often the 
capacitance method (Moschler, 2004; Magill, 2010; Lyons Jr. et al., 2004), 
and the impedance method (Tiitta et al., 2010).

To determine the moisture content (MC) of  wood, in addition to the 
resistance method and capacitance method, methods with a completely 
different physical operating principle have been used, for example: 
neutron activation (Mannes et al., 2009), X-ray absorption and X-ray 
tomography (Danvind, 2005; Cai, 2008; Vikberg et al., 2012), nuclear 
magnetic resonance (MR) and nuclear magnetic resonance imaging 
(MRI) (Lamason et al., 2013), near-infrared (NIR) and near-infrared 
spectroscopy (NIRS) (Hans et al., 2013), microwave (James et al., 1985; 
Aicholzer, 2017), time domain reflectometry (TDR), or radio location 
method (White et al., 2019).

The aim of  this PhD thesis is the development of  methods for 
controlling and optimizing the drying of  wood, based mainly on the 
practical or easy-to-add capabilities of  the infrastructure that is more 
widespread in the industry. The focus is on the methods for determining 
wood moisture above the fibre saturation point and optimizing the 
drying process to reduce wood stress, energy consumption, and drying 
time. In the process, various prototypes of  practical measuring devices 
and calibration methods have been developed, which can be used in kiln 
climate.
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Finding the most suitable drying mode starts with reliable measurement 
data. Reliability can be assessed by matching the results of  sensors 
operating on different physical principles. In order to get a complete 
picture, this PhD thesis examines the capacitance method for 
determining the average moisture content of  wood, the resistance 
method for determining the moisture content of  wood at different 
depths of  the material, and the deformation of  the wood surface. Based 
on the measurements taken from the surface of  the board at different 
depths, it is possible to create a profile of  the moisture content of  the 
material, i.e. the MC distribution of  the wood in the radial direction. 
Water vapour diffusion at different depths of  wooden material from 
the surface describes the process of  wood drying. Insufficient accuracy 
in determining the effective diffusion coefficient in the radial direction, 
especially above the fibre saturation point, has an adverse effect on either 
drying time, energy consumption, or material quality.

Often, the standard equipment of  an industrial kiln is not enough when 
implementing a new drying schedule. In addition, there is a need for 
software that simulates wood drying, providing the initial drying regime, 
which can then be further optimized using the methodologies and sensors 
presented in this study. The wood drying simulation program may also be 
considered as one of  the methods of  controlling wood drying stresses. 
The moment and maximum of  stress in an actual kiln can be predicted 
using a drying simulation program. In the practice of  wood drying, a 
well-known method for determining the drying stresses of  wood is the 
so-called case-hardening test (Poljakov, 2013; Mändoja, 2015; E.D.G., 
1992; EDG, 2010). Unfortunately, the classic case-hardening test does 
not allow real-time monitoring of  drying stresses. Real-time drying stress 
monitoring is enabled by a wood drying stress indicator functioning 
on the acoustic emission (AE) principle (Kawamoto and Williams, 
2002). The problem of  the AE indicator, however, is distinguishing AE 
impulses from other sources of  acoustic noise occurring in an industrial 
kiln (fans, motors, etc.) (Tiitta et al., 2010). For this reason, it would 
be necessary to develop a resistance-type drying stress indicator that is 
relatively insensitive to disturbances.

In the Articles (I–II), the calibration models of  the innovative 
polarization-type wood moisture meter were studied. Modelling was 
used to find out how many repeated measurements should be made in 
a series of  measurements in order to fulfill the Rozema quality criterion 
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(Rozema, 2010). The ability of  different calibration models (including 
focusing models) to satisfy the Rozema quality criterion was explained 
by means of  modelling. The self-compensating phenomenon of  random 
measurement deviations in the focal point of  different types of  focusing 
models and in their immediate surroundings was studied. The Article 
(III) examined wood moisture meters working with alternating current. 
The calibration models of  capacitance-type and impedance-type wood 
moisture meters were studied. In addition, the reliability of  both 
mentioned wood moisture meter types in the harsh climatic conditions 
of  a kiln was examined. The Article (IV) investigated the possibilities 
of  optimizing the wood drying process using the critical diffusion 
coefficient of  the wood surface layer, and precisely timed moistening 
impulse. The main attention was paid to the changes in moisture content 
in the surface layer of  wood, and the deformation of  the surface layer. 
With sensors installed at different depths in the surface layer, the effect 
of  changes in the surface layer on the inner layers of  wood during drying 
was monitored in real time.
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2. REVIEW OF THE LITERATURE

2.1. Determination of  wood moisture content using the electrical 
resistance method

The idea of  determining the moisture content of  wood using the 
electrical resistance of  wood was first presented by Stamm (Stamm, 
1927) as a relationship between the decimal logarithm of  the electrical 
resistivity of  wood and the relative moisture content of  wood. The 
electrical resistance of  wood can be determined using direct current 
(DC) or alternating current (AC). In the latter case, it is possible to avoid 
the arising effects of  electrical polarization. Comparative measurements 
of  DC resistance and AC resistance in wood were carried out in studies 
by Gao et al., 2018, and Berga et al., 2019. The measurements use either 
a two- or four-electrode system. In the case of  a measuring system 
consisting of  two electrodes, the measured electrical resistance includes, 
in addition to the resistance of  the wood itself, the resistance of  the 
contact between the wood and the electrode (Romann et al., 2014). In 
geophysics, a four-electrode system is used to determine soil resistivity 
(Wenner, 1915; Sumner, 1976; Urban et al., 2011; Schuetze et al., 2004), 
in which the contact resistance is separable from the actual resistance 
of  the soil itself. The four-electrode Wenner method was used to study 
the spread of  fungal infection in a wood environment by Martin, T. 
(2012). Since most of  the moisture content (MC) information is still 
in the double layer formed around the electrode/wood contact surface 
(Tamme et al., 2012), this limits the usability of  the four-electrode system 
in practice, because the signal-to-noise ratio decreases approximately 
eight times (Tamme et al., 2012). Since electrical resistance also depends 
on temperature, correction formulas were derived for it based on the 
Arrhenius law (Norberg, P., 1999). A comparison of  the method and 
a comprehensive study of  the calibrability based on different handheld 
measuring instruments was carried out within the framework of  the 
IMCOPCO program (Forsen et al., 2000). In this study, it was found 
that the electrical resistance method is calibrable at moisture contents 
below the fibre saturation point (below FSP) from 30% MC to 4% 
MC based on the moisture standard in the sense of  ISO 3534-1:1993. 
The calibrations of  moisture meters from different manufacturers are 
relatively well comparable. In the transition region of  20–30% MC, it is 
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recommended to use a slightly different formula than Stamm’s formula 
to calibrate the moisture meter (Onysko et al., 2008; Tamme et al., 2012).

The approximate and widely varying electrical resistance of  wood at room 
temperature is approx. 10 giga-Ohms at 8% MC, approx. 10 mega-Ohms 
at 18% MC, approx. 100 kilo-Ohms at 47%, and approx. 10 kilo-Ohms 
at 150% (Tamme et al., 2020). The large variation in electrical resistance 
is caused by the inhomogeneity of  wood as a material, for example 
density, resin content, water pockets, etc. In general, it can be stated 
that as the moisture content increases, the measurement uncertainty 
also increases, as a result of  which the determination of  wood moisture 
content below 7% and above 30%, i.e. above the fibre saturation point, 
has been considered inaccurate and unreliable (Vermaas, 2002). In the 
articles (Tamme et al., 2013, 2014), the general validity of  the Vermaas 
hypothesis at 95% confidence level was shown by statistical modelling, 
but the hypothesis has two clearly visible exceptions with the existing 
calibration function. Therefore, the resistance method above FSP, within 
the limits of  exceptions, is also applicable in practice. To some extent, it 
is also possible to increase accuracy by using alternating current instead 
of  direct current during measurement (Berga et al., 2019).

Measuring instruments based on electrical resistance, which have been 
widely used so far, have a high measurement uncertainty in the case of  
a single measurement and, in practice, show increasing inaccuracy above 
30% MC (Tamme et al., 2014). To some extent, it is possible to improve 
the calibration of  existing moisture meters by means of  the so-called 
re-calibration, creating a new calibration function from the actual 
moisture content (Y-variable) obtained during dry weighing and from 
the electrical resistance of  the moisture meter (X-variable) (Tamme et al., 
2014). A comprehensive overview on the use of  moisture meters based 
on direct current electrical resistance was given in the following research 
(Björngrim et al., 2017; Brischke et al., 2008; Li et al., 2018; Norberg, 
2000; Uwizeyimana et al., 2020). Unfortunately, the fundamental 
problem manifested in the large dispersion of  single measurements 
cannot be solved merely by better calibration of  a device. It is necessary 
to develop an essentially new type of  wood moisture meter, where 
the so-called Edwards trend (Edwards, 1974) is reversed at high wood 
moisture contents above FSP. Reversing the Edwards trend became 
possible thanks to the empirical phenomenon of  self-compensation of  
random measurement deviations of  electrical resistance and electrical 
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capacitance found in the electrical charging number of  wood (I). The 
electrical charging number of  wood made it possible to hypothesize the 
existence of  so-called focusing (or Edwards trend-reversing) calibration 
models of  types A, B and C (Art. II).

Considering the time-dependent polarization effect of  electrodes 
above FSP (Tamme et al., 2012; 2013), a polarization-depolarization 
(PD) method based on long and ultra-long relaxation time has been 
introduced to measure wood moisture content using the charging and 
discharging of  wood at optimal voltage and current (Romann, T. et al., 
2014). To give a better idea of  the research scope related to the PD 
method, a series of  technical details about the technical implementation 
and programming of  the patented wood moisture meter (I) were added 
to the PhD thesis. As a continuation of  this field of  research, this thesis 
for applying for the PhD research degree has been composed.

2.2. Determination of  wood moisture content using the electrical 
capacitance method

The measurement technology described in the standard (EN 13183-
3:2005) and COST E53 (2010) is based on the fact that the dielectric 
constant (relative permeability) of  wood and water contained in wood 
is 20 times lower in wood than in water. Accordingly, absolute dry ε 
wood  ≈ 4 and ε water ≈ 80. It is a dimensionless, complex, frequency-
dependent quantity, which is compared to the dielectric constant of  a 
vacuum (ε vacuum = 1). If  you place a wood specimen between two 
plates of  a measuring capacitor, a dielectric between the plates is formed 
from a mixture of  wood and water. In theory, capacitance-type meters 
are capable of  measuring over a wider area than resistance-type devices. 
Since the capacitance-type meter measures linearly from the total amount 
of  water, the result also depends on the specific density of  the wood. 
The best measurement result is obtained if  there is no air gap between 
the wood and the plate of  the measuring capacitor and there is no excess 
water on the surface of  the wood. It should be borne in mind that the 
lack of  an air gap prevents the wood from drying.

Since the capacitance of  a plate capacitor depends on the area of  the 
plate, the distance between the plates and the dielectric used, it is easy to 
experience a situation with wood where the actual measured capacitance 
is close to or even lower than the capacitance of  the pair of  wires used.
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Cabling capacitance has been addressed in the capacitance method 
based on a US patent (Magill, 2010), which should allow the calibration 
of  a capacitance-type moisture meter with electronics up to ~300 m 
away from the measuring capacitor. The proposed method uses a coaxial 
cable as a transmission medium, which allows more flexible selection of  
the location of  the measuring electronics, while maintaining accurate 
measurement results. In other words, the measuring electronics can be 
installed in a separate climate-controlled equipment room, and not in a 
kiln in an extreme drying air environment. The proposed method should 
also eliminate interference and electrical losses due to long cabling. The 
use of  the long cable has been limited in the past, because the calibration 
of  a measuring device has proven to be too difficult due to the low signal-
to-noise ratio. In order to measure the moisture content of  wood, wood 
is used as an insulator for a plate capacitor. The measured capacitance 
depends on the moisture content of  wood and is calculated either 
directly in the electronics block or sent for post-processing either in a 
PC (Personal Computer) or a PLC (Programmable Logic Controller). 
The hardware and software solution of  the proposed meter includes a 
signal generator that generates a variable electromagnetic field between 
the plates, and an amplifier that raises the signal to a suitable level for the 
rest of  the electronics (comparators for detection of  voltage amplitude 
and phase, and a demodulator for back-calculation of  capacitance). Since 
in the proposed solution it is not necessary to keep all the electronics as 
close as possible to the measuring capacitor, it is possible to multiplex 
the input of  several measuring capacitors into a single electronic block 
(up to 40 channels). It is suggested that eight sensors per dryer are 
sufficient for reliable moisture content determination. In the selection of  
the electronics measurement method, three implementations have been 
proposed, which should be functionally identical from the end user’s 
point of  view: using a voltage divider, a bridge circuit or a modular LCR 
(L: inductance, C: capacitance, R: resistance) block. Three measurement 
methods have also been proposed for the calibration of  electronics: RC 
circuit method, impedance-based LCR method and short-circuit/open-
circuit method. From the above, the circuit required for calibration is 
selected and switched to the circuit instead of  the measuring capacitor.

The problem of  insulator leakage is addressed in a US patent (Lyons. Jr. 
et al., 2004), in which the measuring device with electronics is installed 
in the drying air environment to reduce the cabling length. The plates 
of  the measuring capacitor are covered with plastic to reduce current 
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leakage, which occurs when a conductive bridge forms between the two 
plates, i.e. a short circuit.

In this PhD thesis, there was a need to investigate the reliability of  the 
measuring capacitor due to the fact that the basic design of  the measuring 
capacitor (Tamme, H. et al., 2019), which consisted of  only two plates 
and an insulator, did not work properly in the harsh climatic conditions 
of  the kiln. Similar problems with leakage of  electric current between 
the plates as in the patent (Lyons. Jr. et al., 2004) were encountered.

2.3. Determination of  wood moisture content using the electrical 
impedance method

The electrical impedance method is an alternating current method, as 
well as the electrical capacitance method described in sub-section 2.2. 
The impedance method was used for wood drying monitoring by Tiitta 
(Tiitta et al., 2010). The equivalent scheme of  the used impedance 
method was based on two constant phase elements (CPE), which were 
connected in parallel with resistors. As the measured electrical variable 
the impedance modulus was used, which was associated in the calibration 
model with the average moisture content of  wood and the MC gradient 
(Tiitta et al., 1999).

2.4. Modelling and optimizing of  the wood drying process

To determine the optimal drying process, it is useful to mathematically 
simulate the course of  the process. For example, an actual drying 
process lasting about one week can be simulated on a computer within 
one second. The one-dimensional simulation program TORKSIM 5.1 
has been used (Vikberg, T. et al., 2012), combined with industry best 
practices. The mathematical model of  the previous version TORKSIM 
ver. 3.1 is not described in detail, but based on Salin’s PhD thesis, it 
can be assumed that it is a perfect isotropic Luikov-type coupled model 
(Salin 1990; 2007; Tamme, 2016). The coupled model means that a term 
containing the enthalpy of  water vapour has been added to the heat 
transfer equation (Keey et al., 1999; Younsi et al., 2006; Tsotsas and 
Mujumdar (eds.), 2014; Tamme, 2016).

In order to keep the cost of  experiments for mathematical optimization 
of  wood drying low, drying experiments are performed as little as possible. 
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To achieve this, the drying experiment must be designed accordingly 
(DOE). An experiment is defined as a systematic procedure carried out 
under controlled conditions to discover an unknown effect, to test or 
establish a hypothesis, or to illustrate a known effect. When analysing 
the process under consideration, experiments are used to assess which 
process inputs significantly affect the process output, and what the level 
of  these inputs should be to achieve the desired result. Experiments 
can be designed in many different ways to collect this information. An 
experiment is an entire series of  tests.

The theoretical foundations of  the optimization of  technological 
processes, which were developed in 1951, later became known as the 
response surface method (RSM, eg. Box-Wilson method). Theory 
and application examples of  multi-reaction process optimization can 
be found in the Handbook of  Statistics (NIST/SEMATECH, 2018). 
To optimize the constant drying mode for thin material, the statistical 
software package Design-Expert (DE) developed by the company Stat-
Ease Inc. for planning and analysing experiments has been used (Sova 
et al., 2016). DE enables comparative tests, screening, description, 
optimization, parameter evaluation, etc. DE allows the use of  up to 50 
factors and the identification of  statistical significance of  these factors 
using analysis of  variance (ANOVA). The area of  possible factor values 
within which combinations of  factor values of  potential interest lie is 
called the experimental area. It is necessary to be determined before the 
experiment. If  the final results of  the analysis are outside the range of  
the experiment, it must be repeated with a new range.

Constant drying modes of  thin material (up to 20 mm) simulated by 
TORKSIM v. 5.1 were given as an input in DE (Sova et al., 2016). In the 
case of  thicker material, when using a constant drying mode, excessive 
drying stresses occur, which in turn cause drying cracks and warping 
of  the material, which reduces the final quality of  the wood. This fact 
does not allow the wood drying process to be mathematically optimized 
without reducing the drying quality (Tamme et al., 2021c). The task of  
mathematical optimization can also be solved on the basis of  the ideology 
of  artificial neuron networks (NN-Tool, 2023), using the system’s self-
learning algorithm. In this way, the practical goal (i.e. optimization) is 
achieved, but there is no possibility to get additional information about 
the statistical modelling of  the result (model + ANOVA + p-values, 
etc.).
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3. AIMS OF THE STUDY

The primary aim is the development and optimization of  measurement 
systems used in the environment of  an industrial kiln.

Basic hypotheses: 

• MC measuring errors can be compensated either by increasing the 
number of  measurements or by choosing a suitable calibration 
function (I, II).

• The capacitance method causes operating reliability problems in the 
climatic conditions of  the kiln (III).

• If  the critical diffusion constant is exceeded, the drying process of  
the surface layer of  the wood will also affect the inner layers of  the 
wood (IV).

Aims:

• Checking the occurrence of  theoretically simulated moistening 
impulse response in experiments based on synchronous surface 
displacement, temperature and surface moisture sensors (IV).

• Developing specific sensors for monitoring that can be used in kiln 
climate (I, II, III).

• Developing an electrical indicator of  maximum wood drying stresses 
(IV).

• Enhancing the moisture meter prototype hardware corresponding 
to the patent description (I, II).
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4. MATERIALS AND METHODS

4.1. Theoretical background of  wood moisture meters (I), (II) 
and (III)

4.1.1. Resistance-type wood moisture meter

The classical resistance-type wood moisture meter theory is applicable 
below FSP (7–30%). The classical theory can be described by Stamm’s 
formula and its various extensions (Tamme et al., 2012; Uwizeyimana et 
al., 2020). Stamm (1927) presented the equation:

(1)

where ρ –  resistivity, M –  moisture content MC, C and D – constants 
at constant temperatuure.

This expression (1) was found to perform satisfactorily in the MC 
measurement range of  7–30%. In practice, instead of  wood resistivity, it 
is more convenient to use wood electrical resistance R:

(2)

where A(m2) is the conductor cross-section, L is length, K is the cell 
constant, or measuring volume constant.

In the calibration model for the non-linear transition range (ca. 23% to 
40% MC) and specifically for Douglas Fir wood the double logarithm 
empirical formula by Straube et al. (2002) was used:

(3)

where MC is the moisture content (%), R is resistance in ohms (Ω).

The same general formula was presented by several authors (Norberg, 
2000; Tamme et al., 2012; Fredriksson et al., 2013) under the constant 
temperature assumption:

 
log (𝜌𝜌𝜌𝜌) = 𝐶𝐶𝐶𝐶 + 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷(𝑀𝑀𝑀𝑀)     (1) 
 

 
𝑅𝑅𝑅𝑅 =  𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌

𝐴𝐴𝐴𝐴
= 𝐾𝐾𝐾𝐾𝜌𝜌𝜌𝜌        (2) 

 

 
log(𝑀𝑀𝑀𝑀𝐶𝐶𝐶𝐶) = 2.99 − 2.113(log (log(𝑅𝑅𝑅𝑅))   (3) 
 

 
log (𝜌𝜌𝜌𝜌) = 𝐶𝐶𝐶𝐶 + 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷(𝑀𝑀𝑀𝑀)     (1) 
 

 
𝑅𝑅𝑅𝑅 =  𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌

𝐴𝐴𝐴𝐴
= 𝐾𝐾𝐾𝐾𝜌𝜌𝜌𝜌        (2) 

 

 
log(𝑀𝑀𝑀𝑀𝐶𝐶𝐶𝐶) = 2.99 − 2.113(log (log(𝑅𝑅𝑅𝑅))   (3) 
 

 
log (𝜌𝜌𝜌𝜌) = 𝐶𝐶𝐶𝐶 + 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷(𝑀𝑀𝑀𝑀)     (1) 
 

 
𝑅𝑅𝑅𝑅 =  𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌

𝐴𝐴𝐴𝐴
= 𝐾𝐾𝐾𝐾𝜌𝜌𝜌𝜌        (2) 

 

 
log(𝑀𝑀𝑀𝑀𝐶𝐶𝐶𝐶) = 2.99 − 2.113(log (log(𝑅𝑅𝑅𝑅))   (3) 
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(4)

where MC (%) is the moisture content, R (Ω) is the corresponding 
electrical resistance, a is slope.

Considering the dependence of  electrical resistance on moisture content 
and temperature (Skaar, 1988; Li et al., 2018; Uwizeyimana et al., 2020), 
a linear relationship can be expressed in logarithmic scale:

(5)

Formula (5) represents a logarithm equation the solution of  which 
with respect to MC shows a relationship for determining the moisture 
content on the basis of  electrical resistance Rmeas measured at a given 
temperature T, that is, the mathematical shape of  the calibration curve 
of  the resistance-type wood moisture meter is:

(6)

4.1.2. (Polarization-type) wood moisture meter with electrical 
charging effect

The need to accurately determine the moisture content of  wood led 
to the development of  a prototype of  a novel moisture meter based 
on the charging number of  wood. Knowing the appropriate calibration 
function, the moisture content of  wood can be calculated from the 
electrical resistance. The result obtained can be verified using the desired 
reference model (ISO/IEC 2008; Laaneots and Mathiesen, 2006). 

The patent ‘EE 05822 B1’, “Moisture Meter and the Method for 
Measuring the Moisture Content of  Wood above the Fibre Saturation 
Point with the Wood Electrical Charging Effect” has been issued by the 
Estonian Patent Office with regard to the calibration method applied. 

Above the fibre saturation point, wood electrical resistance R(t) depends 
on time logarithmically and capacitance C(t) linearly (Tamme et al., 
2013):
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𝑎𝑎𝑎𝑎 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷(𝑀𝑀𝑀𝑀𝐶𝐶𝐶𝐶) + 𝑏𝑏𝑏𝑏 = log (𝑅𝑅𝑅𝑅𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚) + 0.025(𝑇𝑇𝑇𝑇 − 35)  (5) 
 

 

𝑀𝑀𝑀𝑀𝐶𝐶𝐶𝐶(𝑅𝑅𝑅𝑅𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚,𝑇𝑇𝑇𝑇) =  �10
𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙(𝑅𝑅𝑅𝑅𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚)+0.025(𝑇𝑇𝑇𝑇−35)
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(7)

(8)

where a, b, c and d are spatial positional constants.

The method is based on the fact that the resistance of  wood R and the 
product of  capacitance C are almost constant at each different moisture 
content, RC ~ constant.

Figure 1 the circuit diagram of  the electrometer underlying the technical 
specifi cation of  patent ‘EE 05822 B1’ is provided:

Figure 1 . MC block diagram. Where 1 and 2 is measuring electrodes, 3 is reference 
voltage, 4 is wood, 5 is analogue electronics, 6 is operational amplifi er IC, 7 is ADC, 8 
is MCU and 9 is user interface.

Wood resistance Rx (9), polarization current Ipol (10) and capacitance Cx 
(11) can be found with the following formulas:

(9)

where Rx – wood electrical resistance in ohms, U0 – reference voltage, 
R0 – feedback resistor.

(10)

where Ipol – wood charging current in amps, U0 – reference voltage, Rx – 
wood electrical resistance in ohms.

𝑅𝑅𝑅𝑅(𝑡𝑡𝑡𝑡) = 𝑎𝑎𝑎𝑎 ln(𝑡𝑡𝑡𝑡) + 𝑏𝑏𝑏𝑏 (7)

𝐶𝐶𝐶𝐶(𝑡𝑡𝑡𝑡) = 𝑐𝑐𝑐𝑐 𝑡𝑡𝑡𝑡 + 𝑑𝑑𝑑𝑑 (8)

𝑅𝑅𝑅𝑅(𝑡𝑡𝑡𝑡) = 𝑎𝑎𝑎𝑎 ln(𝑡𝑡𝑡𝑡) + 𝑏𝑏𝑏𝑏 (7)

𝐶𝐶𝐶𝐶(𝑡𝑡𝑡𝑡) = 𝑐𝑐𝑐𝑐 𝑡𝑡𝑡𝑡 + 𝑑𝑑𝑑𝑑 (8)

𝑅𝑅𝑅𝑅𝑥𝑥𝑥𝑥 = 𝑈𝑈𝑈𝑈𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜
𝑅𝑅𝑅𝑅0
𝑈𝑈𝑈𝑈0

       (9) 

𝐼𝐼𝐼𝐼𝑝𝑝𝑝𝑝𝑜𝑜𝑜𝑜𝑝𝑝𝑝𝑝 =  𝑈𝑈𝑈𝑈0
𝑅𝑅𝑅𝑅𝑥𝑥𝑥𝑥

       (10) 

𝐶𝐶𝐶𝐶𝑥𝑥𝑥𝑥 =  𝑄𝑄𝑄𝑄
𝑈𝑈𝑈𝑈0

       (11) 

𝑅𝑅𝑅𝑅𝑥𝑥𝑥𝑥 = 𝑈𝑈𝑈𝑈𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜
𝑅𝑅𝑅𝑅0
𝑈𝑈𝑈𝑈0

       (9) 

𝐼𝐼𝐼𝐼𝑝𝑝𝑝𝑝𝑜𝑜𝑜𝑜𝑝𝑝𝑝𝑝 =  𝑈𝑈𝑈𝑈0
𝑅𝑅𝑅𝑅𝑥𝑥𝑥𝑥

       (10) 

𝐶𝐶𝐶𝐶𝑥𝑥𝑥𝑥 =  𝑄𝑄𝑄𝑄
𝑈𝑈𝑈𝑈0

       (11) 
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(11)

where Cx – wood electrical capacitance in farads, Q – wood charge in 
coulombs (result of  Ipol numerical integration by MCU).

4.1.3. Impedance-type wood moisture meter

The electrical equivalence of  geometrically different sensors can be tested 
with an impedance spectrometer (EIS). If  the measurement results of  
the DC resistance method are comparable to the AC impedance method, 
it is indicative of  the independence of  the results from the measurement 
method. 

The EIS also allows to study the reliability problems of  the dielectric 
sensor in climate chamber conditions and optimize the frequency range 
used to increase the signal-to-noise ratio. 

Impedance spectrometry is an informative measuring technique for 
analysing multiple electrical processes (Cole-Cole, 1945; Debye, 1945; 
Bard et al., 1980; Chaumat et al., 1999; Krause, 2003; Zelinka et al., 2007, 
2008). 

Impedance (12) has a magnitude  (𝑍𝑍𝑍𝑍𝐴𝐴𝐴𝐴 = 𝐸𝐸𝐸𝐸𝐴𝐴𝐴𝐴
𝐼𝐼𝐼𝐼𝐴𝐴𝐴𝐴

 ) 

𝑍𝑍𝑍𝑍 = 𝑍𝑍𝑍𝑍𝐴𝐴𝐴𝐴(𝑐𝑐𝑐𝑐𝐷𝐷𝐷𝐷𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 + 𝑗𝑗𝑗𝑗𝑐𝑐𝑐𝑐𝑗𝑗𝑗𝑗𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐) = 𝑍𝑍𝑍𝑍′ + 𝑗𝑗𝑗𝑗𝑍𝑍𝑍𝑍′′    (12) 

 𝑗𝑗𝑗𝑗 = √−1
 

|𝑍𝑍𝑍𝑍| =  𝑍𝑍𝑍𝑍𝐴𝐴𝐴𝐴 =  �(𝑍𝑍𝑍𝑍′)2 + (𝑍𝑍𝑍𝑍′′)2     (13) 

𝑍𝑍𝑍𝑍 = 1
𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗

= − 𝑗𝑗𝑗𝑗
𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗

      (14) 

𝐶𝐶𝐶𝐶 = 𝜀𝜀𝜀𝜀𝜀𝜀𝜀𝜀0
𝐴𝐴𝐴𝐴
𝑑𝑑𝑑𝑑
       (15) 

 and phase angle and is thus 
a vector quantity:

(12)

where 

 (𝑍𝑍𝑍𝑍𝐴𝐴𝐴𝐴 = 𝐸𝐸𝐸𝐸𝐴𝐴𝐴𝐴
𝐼𝐼𝐼𝐼𝐴𝐴𝐴𝐴

 ) 

𝑍𝑍𝑍𝑍 = 𝑍𝑍𝑍𝑍𝐴𝐴𝐴𝐴(𝑐𝑐𝑐𝑐𝐷𝐷𝐷𝐷𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 + 𝑗𝑗𝑗𝑗𝑐𝑐𝑐𝑐𝑗𝑗𝑗𝑗𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐) = 𝑍𝑍𝑍𝑍′ + 𝑗𝑗𝑗𝑗𝑍𝑍𝑍𝑍′′    (12) 

 𝑗𝑗𝑗𝑗 = √−1
 

|𝑍𝑍𝑍𝑍| =  𝑍𝑍𝑍𝑍𝐴𝐴𝐴𝐴 =  �(𝑍𝑍𝑍𝑍′)2 + (𝑍𝑍𝑍𝑍′′)2     (13) 

𝑍𝑍𝑍𝑍 = 1
𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗

= − 𝑗𝑗𝑗𝑗
𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗

      (14) 

𝐶𝐶𝐶𝐶 = 𝜀𝜀𝜀𝜀𝜀𝜀𝜀𝜀0
𝐴𝐴𝐴𝐴
𝑑𝑑𝑑𝑑
       (15) 

 , Z’ is the real part of  impedance, ZA is the amplitude 
of  impedance and Z’’ the imaginary part of  impedance.

Impedance magnitude (or so-called modulus) is expressed through the 
real and imaginary part of  the impedance as follows:

(13)

If  sinusoidal voltage is applied across a pure capacitor, impedance (14) 
can be calculated according to the relationship:

(14)

𝑅𝑅𝑅𝑅𝑥𝑥𝑥𝑥 = 𝑈𝑈𝑈𝑈𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜
𝑅𝑅𝑅𝑅0
𝑈𝑈𝑈𝑈0

       (9) 
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𝑅𝑅𝑅𝑅𝑥𝑥𝑥𝑥

       (10) 
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𝐼𝐼𝐼𝐼𝐴𝐴𝐴𝐴
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|𝑍𝑍𝑍𝑍| =  𝑍𝑍𝑍𝑍𝐴𝐴𝐴𝐴 =  �(𝑍𝑍𝑍𝑍′)2 + (𝑍𝑍𝑍𝑍′′)2     (13) 

𝑍𝑍𝑍𝑍 = 1
𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗

= − 𝑗𝑗𝑗𝑗
𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗

      (14) 

𝐶𝐶𝐶𝐶 = 𝜀𝜀𝜀𝜀𝜀𝜀𝜀𝜀0
𝐴𝐴𝐴𝐴
𝑑𝑑𝑑𝑑
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where C is the capacitance and the phase angle φ = −90°, that is, 
impedance depends on frequency and is entirely imaginary (Krause, 
2003).

4.1.4. Capacitance-type wood moisture meter

The capacitance method is a non-destructive method used to measure 
the average moisture content of  wood, where wood is not sliced, and 
needle or screw electrodes are not inserted into wood. The capacitance 
of  the plate capacitor used in the experiments can be found with the 
formula (15)  (Zuleta, 2005).

(15)

where C is the capacity of  the parallel plate capacitor, A is single plate 
area, d is distance between plates, ε is relative dielectric permeability and 
ε0 is dielectric permittivity of  vacuum.

The dielectric constant ε of  absolute dry wood is 4 and of  water it is 
80. Thus, the theoretical change in capacitance in drying wood is up to 
20 times. 

4.2. Methodology for calibration of  wood moisture meters (I), 
(II), (III) and (IV)

The measuring instrument is calibrated using the appropriate calibration 
methodology in accordance with the standard ISO/IEC 17025:1999. 
Calibration is a set of  procedures that, under fixed conditions, determines 
the relationship between the value reported by the measuring instrument 
and the corresponding value of  the quantity realized by the reference 
used in the calibration (EVS758:2009).

The result of  performing calibration procedures is a measurement model 
or calibration model within the scope of  EVS758:2009. For example, the 
different stages of  the procedure (statistical modelling) for calibrating 
the moisture content of  a resistance-type wood moisture meter above 
FSP can be described as follows.

The first stage. A description of  the starting position for modelling, i.e. a 
qualitative description of  the actual situation, for example, qualitative 
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assessments of  problems with the calibration of  resistance-type moisture 
meters from various sources (Bergmann, 2010; Class et al., 2010; ASTM 
D4444-08:2008).

The second stage. Getting acquainted with known physical models of  
resistance-type wood moisture meters (4.1). If  possible, examining 
a resistance-type wood moisture meter using electrical resistance 
references. In developing the calibration model, proceeding from the 
corresponding standard on the methods for determining type A and B 
uncertainties (ISO/IEC, 2008). 

The third stage. Calibration experiment. This is the most laborious and 
responsible part of  the calibration procedures. The calibration experiment 
begins with the preparation of  the reference material (Brookhuis, 2009) 
for carrying out measurements. The reference material is essentially a 
working standard intended to be used for generating a sample for only 
one calibration model. A piece of  the reference material with specific 
dimensions (length longitudinal, width tangential, thickness radial) was 
called a specimen. The main issue in the calibration of  wood moisture 
meters is the establishment of  a statistical relationship (or regression 
model) between a certain level of  the average moisture content of  
wood and the measured electrical variables. Consequently, it is necessary 
to vary the moisture content of  the reference material in a way as to 
exclude, as much as possible, the occurrence of  systematic errors in the 
calibration procedure (Laaneots and Mathiesen, 2006). The occurrence 
of  random errors during the calibration procedure cannot be avoided. 
They can, however, be described at certain confidence levels with an 
adequate calibration model and they form a component of  so-called 
standard uncertainty in general or extended uncertainty (Laaneots and 
Mathiesen, 2006). In order to vary the moisture content of  the wood 
specimen during the calibration experiment, the wood drying method 
above FSP (above 30% MC) was applied ((I), (II) and (III)). Below 
FSP a hygroscopic method (ISO 3130:1975, 1975) was used in article 
(III) to vary the moisture content of  the specimen. The differences in 
moisture content in the specimen are called moisture gradients that can, 
to some extent, be adjusted by the dimensions of  the specimens and the 
drying plan. In the paper (Tamme et al., 2014) specimens of  relatively 
small dimensions (60x60x100mm, up to 60 pieces) were used, all of  
which were simultaneously dried according to a special drying plan. 
The result was a three-dimensional moisture gradient in each specimen 
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and relatively high variability in the average moisture content of  the 
specimens. The articles (I, II and III) used a single massive specimen 
(wood board), where vapour barriers prevented moisture diffusion from 
wood longitudinally and tangentially, the moisture could leave the wood 
only in the radial direction. The result was a one-dimensional moisture 
gradient in the reference material which was symmetrical to the centre 
of  the board. The specimen thickness (36 mm was selected) and a 
special drying plan (Tamme et al., 2013) ensured that, in accordance 
with the standard (EN13183-2), the average moisture content level was 
numerically equal to the actual moisture content of  wood determined 
at a depth of  1/3 of  the surface of  the specimen. Electrical quantities 
were also measured at a depth of  1/3 thickness (i.e. 12 mm from the 
surface). This avoided the potential for systematic errors in the average 
wood moisture content to be transferred to the calibration model. The 
specimen was weighed just before measuring each electrical quantity 
(electrical resistance, electrical capacitance, impedance modulus, etc.). 
Repeat experiments for one calibration model were performed from N 
= 60 to 70. At one average moisture content level of  the specimen, 20 
to 25 repeat measurements were done. 25 repeat measurements took 
approximately 2 to 2.5 hours to complete. During this time, the massive 
specimen only managed to dry by 2% to 2.5% MC. Weighing of  the 
specimen was performed at random time moments, so all measurement 
data on the actual (gravimetric) moisture content of  the specimen 
obtained by weighing were also independent random quantities, but with 
relatively low variability (see (II) Results, Table 3). The measurement data 
of  electrical quantities also represented independent random quantities 
of  certain variability (see Results, Table 2). 

4.2.1. Methodology for individual calibration of  measuring 
electrodes

The need for individual calibration of  measuring electrodes arises when 
it is important to monitor the moisture content of  wood in specimen 
drying at different depths from the specimen surface as well as at 
different time moments at all depths simultaneously. For this purpose, 
an eight-channel electrical resistance meter (Scanntronik, 2023) is used to 
determine the electrical resistance of  wood at a certain time moment and 
depth. At the same control depths, the actual moisture content of  wood 
is also determined in the immediate vicinity of  the measuring electrodes 
where electrical resistance was measured. The control depths, or degrees 
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of  depth, were selected as follows: 1 mm, 4 mm, 8 mm, 12 mm and 18 
mm from the surface of  the wood specimen (Figure 4). Of  these, a depth 
of  12 mm (1/3 of  thickness) should, in accordance with the standard 
EN 13183-2:2005, represent the average moisture content of  the wood 
specimen. Determining the actual MC of  wood in different layers is done 
by the so-called slicing method (Tremblay et al., 2000; Hukka, A., 1999) 
by which the actual MC profile of  wood (moisture distribution curve) 
is found at a specific point in time (IV). Monitoring of  the electrical 
resistance of  wood during drying takes place at a one-hour interval. It 
is understandable that determining the actual MC of  wood every hour 
would be too laborious and would interfere with the main experiment 
(i.e. wood drying) too much because the specimens were located in the 
same drying chamber. If  it is known before the drying experiment that 
the calibration function of  wood moisture meters is linear within the MC 
range of  150% and 30% (Tamme et al., 2012, 2014), then two values of  
the actual wood MC at the selected depth, plus two values of  the electrical 
resistance of  wood at the same depth, are sufficient for individual 
calibration of  this MC range above FSP. If  it is known before the drying 
experiment that the calibration function of  wood moisture meters is 
linear within the MC range of  24% and 7% (Uwizeyimana et al., 2020; 
Tamme et al., 2012, 2014), then two values of  the actual MC of  wood at 
the selected depth, plus two values of  the electrical resistance of  wood at 
the same depth, are sufficient for individual calibration of  this MC range 
below FSP. The question is how to calibrate the measuring electrodes 
individually in the MC range of  24% to 30%, where the relationship 
between the decimal logarithm of  the electrical resistance of  wood and 
the actual MC of  wood is no longer linear. The article (IV) presented a 
solution where the nonlinear region was roughly imitated by different 
linear sections. Thus, the result of  the individual calibration procedure 
was a so-called sectionally linear calibration function at a selected depth 
from the surface of  the wood specimen. That included the surface layer 
where the electrical resistance sensors were calibrated according to the 
same methodology as needle sensors located at different depths in wood. 
The coordinates of  the endpoints of  the sections were common for the 
two intersecting calibration lines, so the projected wood MC was also 
of  the same value for the two calibration lines at the intersecting point. 
In summary, individual calibration of  measuring electrodes allows wood 
electrical resistance monitoring at different depths in wood to be replaced 
by wood MC monitoring at different depths. MC monitoring at different 
depths is a key source of  information for the experimental determination 
of  the local diffusion coefficient in wood (see Section 5.3.2). 
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The sectional linear method (16) was used for individual calibration of  
the resistance sensor at different depths of  the specimen (board), which 
provided us with one calibration function for each actual MC range of  
wood.

(16)

where (x1; y1) is the coordinate of  endpoint A of  the section and (x2; y2) 
is the coordinate of  endpoint B of  the section (Art. IV, fi gure 2).

4.3. Methodology for testing the reliability of  the capacitance-
type wood moisture meter and impedance-type wood moisture 

meter in indoor wood kiln conditions (III)

In the case of  the capacitance method, measurement errors due to water 
vapour condensation and triboelectric charge must be observed. 

In a more humid environment, the predominant problem is the resulting 
condensation of  water vapour, against which additional heating of  the 
capacitor plates and insulators helps. In a dry environment, however, 
triboelectric charges are a problem, which trigger an additional 
component, the so-called parasite capacitance, to the useful capacitance 
of  the measured wood.

The cross-section of  the measuring capacitor (MEC) used to examine 
the reliability of  the capacitance method is given in Figure 2.

𝑦𝑦𝑦𝑦− 𝑦𝑦𝑦𝑦1
𝑦𝑦𝑦𝑦2− 𝑦𝑦𝑦𝑦1

=  𝑥𝑥𝑥𝑥−𝑥𝑥𝑥𝑥1
𝑥𝑥𝑥𝑥2−𝑥𝑥𝑥𝑥1

       (16)

     

(a)    (b)

𝑦𝑦𝑦𝑦− 𝑦𝑦𝑦𝑦1
𝑦𝑦𝑦𝑦2− 𝑦𝑦𝑦𝑦1

=  𝑥𝑥𝑥𝑥−𝑥𝑥𝑥𝑥1
𝑥𝑥𝑥𝑥2−𝑥𝑥𝑥𝑥1

       (16)

     

(a)    (b)Figure 2. Cross-sectio n of  the measuring capacitor (MEC) (a) and specimen placement 
in MEC (b). Where 1 is signal connector, 2 is capacitor plate, 3 is wood specimen, 4 
is capacitor insulator, FRA is frequency response analyser, 5 is triboelectric charge 
collector, 6 is fi lm insulator, 7 is heating cable and 8 is heat insulator.
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A specially developed design was used to study the operational reliability 
of  the MEC (Figure 2, a). It can be seen from the design of  the MEC 
that it has the capacity to selectively prevent triboelectric charges 
and condensation, while also creating prerequisites for studying the 
fundamental aspects that affect reliability. Testing was carried out in the 
climate chamber (Feutron GmbH, 2023) at 50°C and 98% RH and 60% 
RH to simulate the environmental conditions in the wood kiln.

The methodology for studying the reliability of  the MEC can be described 
in stages. The first two stages examined the effects of  water vapour 
condensation on the measurement results and the third stage examined 
the effects of  triboelectric static charges on the measurement results. 
The third stage studies were switched to when, during the re-testing, a 
tendency was seen that the confounding effect of  condensation on the 
research results reached a safe level. In physics terms, this meant that the 
dew point situation, which was a prerequisite for condensation of  water 
vapour on the surface, no longer occurred. 

The first stage of  MEC reliability investigation. The MEC was empty to 
investigate reliability, i.e. without a wooden specimen placed between 
the plates. Thus, between the MEC plates, instead of  wood, there was 
air, the relative dielectric permeability of  which is approximately equal 
to one (15). The MEC was placed directly from the cold environment 
(i.e. refrigerated to +5 degrees Celsius) in the hot and high humidity 
(50 degrees and 95% RH) environment of  the climate chamber. This 
induced intense condensation of  water vapour on all the details of  the 
MEC design (Figure 2) in the climate chamber. The heating (element 
7) of  the MEC plates (element 2) was turned on, at the same time the 
heating of  the insulators (element 4) was turned off. With this method 
of  heating, condensation was allowed on insulators, but excluded on 
plates. The first stage was completed by picking up the impedance beam 
spectrum in a situation of  intense water vapour condensation. 

The second stage of  MEC reliability investigation. At the second stage, the 
heating of  the insulators was turned on, but at the same time the heating 
of  the plates was turned off. With this method of  heating, condensation 
was allowed on insulators, but excluded on plates. At the second stage with 
this type of  heating, the effect of  condensation only on the plates was 
studied. The second stage was completed by picking up the impedance 
beam spectrum in a situation of  intense water vapour condensation. 
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The MEC impedance spectrum caused by parasitic capacitance was 
studied using 20 frequencies with a frequency range of  1 MHz to 10 
Hz and an amplitude of  50 mV. The direct current component was 
not added to the alternating current (i.e. the potential was set to zero 
before the measurements). For the quantitative determination of  
parasitic capacitance and parallel resistance, the impedance spectrum 
was modelled using a simple “circle fit” analysis methodology – a tool 
integrated into the composition of  the Autolab measurement program 
NOVA 1.8 (Eco Chemie, MetrOhm Autolab B. V., 2023).

The third stage of  MEC reliability investigation. If  humidity in the climate 
chamber was less than 60%, then the risk of  condensation of  water 
vapour on the MEC plates and insulators was low even without heating. 
This humidity corresponded to approximately 12% equilibrium moisture 
content of  wood (Higgins, 1957). The experiment showed that the drier 
the surface of  the wood, the more the triboelectric charge generated 
by friction between the MEC plates, and the surface of  the wood will 
interfere with the measurement of  electrical capacitance. Friction between 
the wooden specimen and the MEC plates inevitably occurs when the 
specimen is placed between the MEC plates for measuring electrical 
capacitance, as well as when the specimen is removed between the plates. 
Despite the presence of  triboelectric charge neutralization contour in the 
MEC design (Figure 2, element 5), some triboelectric charges remain on 
the surface of  relatively dry wood (less than 12% equilibrium moisture). 
The potential generated by triboelectric charges was measured with a 
high (1012 ohms) input electrometer (Keithley 6517B) (Keithley, 2023). 
Measuring the potential did not allow determining the magnitude of  the 
triboelectric charge generated in coulombs, but nevertheless proved to 
be a sensitive indicator showing the presence of  these charges.

The reliability of  the wood impedance method was visually examined 
using the method of  random deviations (point scattering) on the Nyquist 
graph. It should be mentioned that both the capacitance method and the 
impedance method are characterized by very small operating currents 
of  2–10 nano-amperes according to the readings of  the Autolab display. 
Therefore, the impedance method was also assumed to be relatively 
interference-sensitive due to its weak operating current, especially to the 
various electromagnetic disturbances propagating in the surrounding 
environment, as well as to the interference coming in via Autolab power. 
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It cannot be ruled out that interference can also occur through the 
grounding circuit of  the experiment.

Wood impedance measurements were carried out on stainless steel 
insulated electrodes nailed to the specimen at 1⁄3 depth at the Bode 
phase angle minimum (Tomppo et al., 2011). If  the Bode phase angle 
is minimal, then the impedance modulus differs minimally from the 
resistance of  the real part of  the impedance. The frequency range of  
1 MHz to 10 Hz with 50 mV amplitude was used. The direct current 
component was not added to the alternating current (i.e. the potential 
was set to zero before the measurements).

4.4. Adding a monitoring function to the wood moisture meters 
(I) and (II)

A philosophy widely used in software development of  Unix-like 
operating systems is: „Make each program do one thing well and expect 
the output of  every program to become the input to another” (McIlroy 
et al., 1978). If  the source code of  the wood moisture meter software 
is available and licencing permits, then necessary functionality can be 
added directly to the source code (or hardware). That was the case with 
the developed MC meter. The data format was well-defined and human-
readable, and any necessary modification could be done directly in the 
source code. Also, the data file or output stream can be easily further 
processed with widely used command line tools (sed, awk, grep, etc.) and 
transmitted over an SSH tunnel. For the moisture meter prototype, the 
data format for log files and output stream was: 
“<timestamp> <value> <unit>”.

The situation becomes more complicated regarding closed-source code. 
In this case, you have to find a way to get the output of  the program to 
favour further data processing. User interfaces can generally be divided 
into graphical and text-based.

Suppose it is a device with a text interface. Then the solution is to filter 
the input to some extent and forward it to another program. For the 
Ahlborn system, data is transmitted via the rs232 protocol. On the 
receiving side in Linux, it is accessible via the device file ‘/dev/USB0’. 
The data filtering snippet is shown in Figure 3, c.
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However, if  a device has a graphical user interface and it is not capable of  
outputting text, then the only usable solution is to manipulate the same 
GUI in some automated form. In other words, the functions described 
in the program for replacing the keystrokes of  the human user. Such 
functionality is available in SikuliX software package. It is possible to 
identify screen regions, generate keystroke events and input-output text 
defi ned in code in Figure 3, a.

A Linux-based virtual machine coming from Qemu or Virtualbox is well 
suited to fulfi l the role of  a central monitoring component. To connect 
the system, you need at least one Ethernet switch and a number of  ports 
suffi cient to connect all devices.

The architecture (Tamme H., 2013) shown in F igure 3 was used to 
expand and aggregate the functionality of  the closed-source programs.

Figure 3. Graphical user  interface automation (a), system architecture (b) and text-
based interface automation (c).

The measurement data issued by various devices were collected in 
the central monitoring system in the form of  text in Figure 3, b. This 
collection method requires that the used devices are connected to a 
computer with its own driver program, which in turn can be accessed 
over the Ethernet network with either the RDP or SSH protocol.

The workfl ow for this architecture is as follows. First, a connection is 
established to the computer for controlling a particular device from 
the central machine. Second, the device driver is manipulated until the 
desired output is obtained. Third, the result is returned to the central 
machine for post-processing. Post-processing is necessary to uniform 
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data formats issued by different devices and to correct the time marker 
of  data points (Tamme, H., 2013).

4.5. Theoretical background of  the wood drying simulation 
program TORKSIM

The fi rst part of  the heat transfer equation (17) describes thermal 
processes and the second part describes the amount of  heat fl ux 
transmitted by water vapour in a one-dimensional case (Siau, 1984):

(17)

where x is distance along the fl ow direction (m), t is time (s), ρ is wood 
density (kg m-3), u is a moisture content (kg kg-1), cp is the specifi c heat 
capacity of  wood (J kg-1 K-1) as a function of  temperature and moisture 
content u (kg kg-1), T is temperature (Kelvin), λ is wood thermal 
conductivity (W m-1 K-1) expressed as a function of  temperature and 
moisture content u, ρw is water density (kg m-3), Gm is wood specifi c 
gravity (kg∙kg-1) and Hm is latent heat of  moisture in wood (J∙kg-1).

The specifi c gravity of  wood Gm is the ratio of  wood density to water 
density for the same comparable volume. The moisture content of  wood 
is expressed as the mass of  water divided by the mass of  absolute dry 
wood.

For a simplifi ed diffusion-based model, it is experimentally possible to 
determine the diffusion coeffi cient of  moisture in wood based on Fick’s 
fi rst law (Fick, 1855; Salin, 1990; Tamme et al., 2011; 2016) which falls 
within the range of  10-8 up to 10-10-10 𝑚𝑚𝑚𝑚
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 (Keey et al., 1999; Kretchetov, 
1972; Tamme et al., 2011; 2016):

where F is mass fl ux , D is diffusion coeffi cient , u is mass 
concentration  and x is coordinate (m).

The fundamental equation of  diffusion for non-stationary isothermal 
moisture transfer through the wooden specimen represents Fick’s 
second law in the one-dimensional case (Crank, 1956):

(a) (b) (c)

𝜌𝜌𝜌𝜌𝑐𝑐𝑐𝑐𝑝𝑝𝑝𝑝
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where Dt is diffusion coefficient perpendicular to wood .

When wood drying is done in a narrow temperature range of  50–60 °C, 
that is, in a special isothermal case, then the simplified Fick’s second law 
can be used:

(20)

The solution to such a differential equation is a polynomial of  the second 
degree. A drying plan, which considers the dynamics of  moisture content 
and temperature, gives a parabolic distribution of  moisture content 
perpendicular to the surface of  a material and was called by Luikov the 
quasi-stationary drying regime (Luikov, 1966; Tamme et al., 2011).

To ensure the quality of  wood drying, it is necessary to find tensile stress 
in wood caused by the differences in the moisture profile at various 
depths of  the material. The model for calculating tensile stress in the 
one-dimensional isotropic case (Salin, 1990):

(21)

where σ is tensile stress (Pa), α is unrestricted shrinkage coefficient, ρb 
is content of  bound water (kg m-3), E is modulus of  elasticity (Pa), l is 
board thickness (m), x is coordinate from the surface of  the board (m).

Basic equation for wood deformation calculation in the drying process:

(22)

where ε is total strain, σ is tensile stress (Pa), E is modulus of  elasticity 
(Pa), εv is viscoelastic strain, a is unrestricted shrinkage coefficient (m3kg-1), 
m is mechano-sorptive creep coefficient (m3 kg-1 Pa), ρb is content of  
bound water (kg m3), t is time (s).

It should be kept in mind that the modulus of  elasticity is not constant, 
but depends on the wood moisture content and temperature (Salin, 
1990).
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In the numerical solution of  Luikov’s system of  differential equations, E 
is set as a constant only in a provided layer of  calculation.

4.6. Methodology for determining the local diffusion constant in 
drying pine wood at different depths from the board surface (IV)

The placement of  the sensors on the specimen in the climate chamber 
is shown in Figure 4, a. The measuring electronics are separate from 
the drying air via the outlet on the left. The reference specimen and the 
specimen for slicing are placed to the right of  the specimen measured in 
the experiment under the same environmental conditions. The schematic 
of  the experiment is shown in Figure 4, b.

Figure 4. Climate chamber internal v iew (a) and sensor placement schematic (b).

The experiments made use of  three specimens of  pine sapwood cut 
from the same material, with a thickness of  35 mm, width of  150 
mm and length of  100 mm along the grain. The fi rst specimen was 
accordingly equipped with moisture sensors MC, temperature sensors 
TC and displacement sensor DS (Figure 4).

The second specimen was there to collect drying curve data using the dry 
weight method. The third specimen was used for individual calibration 
of  electrodes and for determining the diffusion constant at different 
depths. As one of  the objectives was the development of  sensors used 
in an actual wood drying chamber, the experiment was carried out at 
a constant air velocity of  2 m/s at 50–80°C and 95–100% RH. The 
moisture gradient was found using fi ve resistance sensors at different 
depths, which were compared to the simulation program based on 
the produced maximum voltage, using the industry-developed drying 

(a)            (b)
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program as a basis for optimization. The electrical quantities recorded 
in the sensor data logger together with automated simulations were 
recorded at 1 h resolution at the same time.

4.7. Methodology for applying the timed moistening impulse in 
the drying process (IV)

The moistening impulse is a short-term increase in moisture in the 
drying process. Accurate measurement data and simulations based on 
these with TORKSIM allow the timing of  a suitable moistening impulse 
to suppress the drying stress, which does not significantly increase the 
drying time. The moistening impulse represented an increase in the RH 
of  the drying chamber from 65% to 95% over the period of  116 h to 119 
h, leaving the other parameters specified in the drying plan unchanged.

4.8. Automation of  data processing and statistical analyses (I), 
(II), (III) and (IV)

The equipment used in the laboratory gives its output mainly in a format 
that requires some pre-processing. Since, in most cases, when creating 
the user interface, it is assumed that a person is in the role of  information 
processor, it is incredibly time-consuming to direct the output of  a device 
in one format to the input of  another device waiting for a different 
format. To some extent, National Instruments has offered a solution to 
the problem, for example, with its software package called LabVIEW, 
which supports devices that can communicate with each other using 
the appropriate driver. Unfortunately, such an approach is ecosystem 
limited. In other words, if  the device driver is not available, compatibility 
will not succeed. As an alternative, a software package called Sikulix has 
been offered, which allows for building a program-controlled modular 
automation layer on top of  the graphical management interface. Then 
it is not necessary to modify the closed-source software. It is also 
possible to aggregate devices or programs attached to different physical 
computers into a single workflow. Computer network interconnect must 
be functional for tasks like this.

When automating the graphical user interface, the appropriate area on 
the screen that needs to be manipulated is identified. For example, if  
you need to press a button with the left mouse button, the first step is to 
determine the coordinates of  the button’s location, and the second step 
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is to generate the button press event. Or, if  it is necessary to read some 
part of  the screen, after fi nding a suitable region and reading data into 
a buffer, the data can be copied to a machine with appropriate software 
for post-processing. In most cases, a Linux-based device is used for post-
processing. It is so mainly because the ideology of  UNIX-like system 
philosophy encourages that the output of  every program can become 
the input of  another.

The prerequisite for data processing was the temporal overlap of  data 
points recorded by different data loggers. However, the latter was 
diffi cult because the measuring devices were not synchronized against 
the same time server or did not issue a time marker. The initial data of  
the experiment were pre-processed with different bash scripts, and the 
defi nition of  time markers was based on the handwritten test protocol. 
The result was a comma-separated value fi le, easily importable to  Excel, 
R or Python language libraries.

Carrying out large-scale simulations of  the simulation program 
TORKSIM became a different problem due to the graphical user 
interface, which wanted to receive a large amount of  input data to run 
each simulation. The solution to the problem was to provide the initial 
parameters as an array (Figure 5, a) and export the results as text (Figure 
5, b) using the SikuliX software package and shell scripts. This approach 
made it possible to eliminate several hours of  error-prone human work 
for text entry.

Figure 5. Input array (a) and post-pro cessing (b).

Statistical analysis and visualization, in addition to Excel, LibreOffi ce,  
mainly python NumPy, Pandas, lmfi t and matplotlib libraries, were used 
in the Jupyter Notebook environment. The latter allows different code 
segments, e.g. cells to be run in a freely chosen sequence. This approach 
ensures the repeatability of  the procedures used in the analysis and 
visualization in a self-documenting way (Figure 6).

   

  (a)     (b) 
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Figure 6. Jupyter Notebook cell.

(III)  Statistical processing of  the test results was based on the principles 
of  a metrology standard ISO 1993 and carried out with software R 
(2010), MS Excel and NOVA 1.8. In the case of  Student t-distribution 
and linear regression for the single measurement, the upper and lower 
tolerance lines (confi dence limits) of  the regression line are presented in 
MS Excel at 95% confi dence level as follows (Kiviste, 1999):

(23)

(24)

(25)

(26)

where 𝐼𝐼𝐼𝐼𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝑐𝑐𝑐𝑐𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝑐𝑐𝑐𝑐 𝑏𝑏𝑏𝑏0𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝑙𝑙𝑙𝑙𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 = 𝑏𝑏𝑏𝑏0 − 𝑇𝑇𝑇𝑇𝐼𝐼𝐼𝐼𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇(𝛼𝛼𝛼𝛼;𝑐𝑐𝑐𝑐 − 2)𝑆𝑆𝑆𝑆𝑏𝑏𝑏𝑏0 (23)
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 are the standard errors of  the regression line intercept 
and slope (Kiviste, 1999).

The following formulas were used to estimate the standard error (SE) 
and the root-mean-square error (RMSE) of  the regression model:

(27)

(28)

where 
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 is the actual values.

The non-parametric Kolmogorov-Smirnov test and the Shapiro-Wilk 
test (Tamme et al., 2014) were used in the R software environment to 
check the normality assumption of  residuals of  regression models.
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4.9. Materials (I – IV)

Calibration experiments (I–III) used black alder and birch boards with a 
thickness of  35 mm, width of  150 mm and length of  470 mm.

The drying experiments made use of  three specimens of  pine sapwood 
cut from the same material, with a thickness of  35 mm, width of  150 
mm and length of  100 mm along the grain. The electrodes shown in the 
fi gure were placed on the fi rst specimen.

In the drying experiments, the second specimen was intended for collecting 
drying curve data using the dry weight method. The third specimen was 
used for individual calibration of  electrodes and for determining the 
diffusion constant at different depths. In all the specimens listed, the 
moisture distribution was carefully obstructed in the longitudinal and 
tangential direction by special vapour barriers. Moisture could only leave 
the specimens in the radial direction. In this way, a one-dimensional 
moisture gradient in the specimens was guaranteed. 
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5. RESULTS

5.1. Calibration results of  wood moisture meters according to the 
Rozema criterion (I), (II), (III)

Figure 7 represents time-dependent electrical resistance (a) and electrical 
capacitance (b) raw files in a polarization-type wood moisture meter. 
Time dependencies are described by formulas (7) and (8). Electrical 
capacitance C was determined according to the formula (11) with 
numerical integration of  the polarization current Ipol. By simultaneously 
analysing the R and C variances obtained at different electrode insertion 
points at a given average wood MC, the comparison of  the coefficient 
of  variation (CoV) showed that electrical resistance has the lowest CoV 
in the first second and electrical capacitance also has the lowest CoV in 
the first second. CoV is the largest in the 20th second. Consequently, it 
would be advisable to select R1n and C1n as independent variables in the 
calibration model. Index n is the index of  the insertion location of  the 
measuring electrodes into wood. Opting for this, the initial variability of  
the independent variables was kept as low as possible. From Figure 7 it 
may be concluded that even arithmetic averaging of  temporal changes 
would increase variability. It is therefore not feasible to select the 
arithmetic averages of  time-dependent Rn(t) and Cn(t) as independent 
variables. Further exploration of  the independent variables R and C in 
the reference model types in Table 1 is done without subscripts, since 
the meaning of  the indices has been defined. Article (II) provides 
definitions of  the calibration model and the corresponding reference 
model. Calibration functions are given in Article (II, Table 2). 
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Figure 7. Electrical resistance (a) and electrical capacitance (b).

Rozema (2010) criterion (Rcr) have been developed to assess the 
goodness of  fit of  the calibration model of  resistance-type wood 
moisture meters. The criterion are for generalizing, comparing, and 
delimiting the results of  the calibration experiment of  the moisture 
meters. Essentially, this is a calibration model tolerance interval (TI) 
width with a 95% confidence level for a single measurement, presuming 
the theoretical Student distribution (Sachs, 1982). The Rozema criterion 
states that the tolerance interval for a single measurement should not 
be wider than 3.5% MC.  The Rozema criterion is suitable not only 
for assessing the calibration models of  resistance-type wood moisture 
meters, but also for comparing the calibration models of  wood moisture 
meters with various operating principles (capacitance-type, polarization-
type, impedance-type, etc.). The Rozema criterion is rather strict. In 
moisture levels above FSP, it is quite difficult to fulfil it for a single 
measurement. The exception was the polarization-type wood moisture 
meter in which the criterion for a single measurement was managed to 
be met in a relatively limited MC range (Table 1. ). Therefore, sample-
based measuring series were used in modelling to meet the Rozema 
criterion. The arithmetic averages of  a series of  measurements drawn 
from 16 single measurements were used as measuring series, whereas 
for further modelling the averages thus formed were treated as single 
measurements. This model was called a multiple model with a period 
of  k=16. Table 1.  shows the most important reference models for the 
polarization-type wood moisture meter. These include:

 

  (a)     (b) 
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Type A: R + C; R+f(C)

Type B: R1n + R20n; f  (R1 + R20)

Type C: f(R) + f(C)

The reference models in Table 1. were obtained for alder wood at a 
temperature of  50 degrees Celsius. If  the values of  electrical capacitance 
C were ignored in the sample of  measurement data, then the calibration 
model (and the corresponding reference model in Table 1. RM2) of  
the traditional resistance-type wood moisture meter could be obtained. 
The use of  RM2 for comparison with a focusing model RM5 is shown 
in Figure 9, b. In Table 1. the location of  the RM5 focal point is at 
151% MC and the wood MC range (142%–160%) corresponding to 
the Rozema criterion has been highlighted in bold. Logarithming of  
electrical resistance measurement results (Table 1. , RM3 and RM2) 
compared to the original measurement results model (RM2) allows some 
compression of  the so-called Edwards trend (I) (i.e., tolerance interval 
progressive expansion as wood MC increases). However, logarithming 
does not completely eliminate the said trend, nor does it reverse it, as 
can be seen in Table 1. , RM5 and Figure 9, a. As Table 1.  also indicates 
the lower and upper line equations of  the tolerance interval for each 
model type, substituting the 151% value of  the moisture content into 
the equations for example to generate numerical examples results in 
comparative tolerance intervals for different models. At MC 151%, the 
predicted single measurement tolerance interval of  RM2 is TI = 178 - 
124 = 53% MC; for RM3 it is 26% MC and for RM5 it is 0.8% <3.5%. 

A peculiar focusing model (with the focal point at MC=120%) is 
RM7. Namely, this analysed model lacks electrical capacitance C – the 
characteristic component of  the focusing model. Covertly, the last 
element of  the electrical resistance time series Rn20 plays the role of  
capacitance C. Visually, the result is the same as for the other model 
types containing the electrical capacitance C. RM7 can also be called the 
model based on the raw data of  the electrical resistance time series (Art. 
II, figure 12).

The fundamentals of  metrology provide that random measurement 
deviations can be smoothed out by arithmetic averaging of  measurement 
results. The well-known moving average is used to smooth time 
series. Table 1.  gives the so-called multiple models where new single 
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measurements have been generated on the basis of  the arithmetic averages 
of  a series of  16 measurements. The use of  measuring series allows for a 
significant shrinkage of  the tolerance interval of  the arithmetic averages 
of  the measuring series representing a single measurement in the model. 
It is interesting to compare the effect of  using measuring series and the 
focusing model on the tolerance interval. In model RM8, the Rozema 
criterion was met after 16 measurements, but in model RM9 the same 
result was achieved with only a single measurement. The difference in 
the labour intensity of  the measurements is impressive, that is, 16-fold.

Table 1. Relevant reference models (RM) with the statistical characteristics for above 
FSP wood moisture content. The independent x variable in all RMs is the actual wood 
moisture content, the dependent y variable in all RMs is the predicted wood moisture 
content.

Mod. 
No
Obs. 
No

Model
type

Equations for calculating 
single measurement tolerance 
intervals (T. I.)

R2 p-
value

*Focal
point
on 
MC%

Calculated 
MC range 
where T. I. 
<3.5% MC
(acc. 
Rozema 
(2010) 
criterion)

RM2
N=63

R-mod. yupper = 1.2075x-4.888
ylower = 0.796x+3.897

0.96 <0.01 30 > 3.5%

RM3
N=63

logR yupper = 1.0071x+7.6164
ylower = 0.8924x-1.14

0.99 <0.01 30 > 3.5%

RM4
N=63

(R+C)
(Type A)

yupper = 
-0.0015x2+1.14x+4.01
ylower = 
0.0052x2+0.2717x+14.2

0.99 <0.01 117 110 - 120

RM5
N=63

R+f(C)
(Type A)

yupper = 
-0.0009x2+1.12x+1.07
ylower = 
0.0033x2+0.407x+13.8

0.98 <0.01 151 142 - 160

RM6
N=63

R1n+R20n
(Type B)

yupper = 
-0.0012x2+1.09x+11.2
ylower = 0.0061x2-0.022x+31.5

0.97 <0.01 129 123 - 133

RM7
N=63

f(R1+R20)
(Type B)

yupper = 
-0.0042x2+1.549x-5.47
ylower = 0.0072x2-
0.1469x+32.7

0.97 <0.01 120 116 - 124

RM8
N=18
k=16

k*R
(Multiple 
model)

yupper  = 0.998x+1.3446
ylower  = 0.9852x+0.3413

0.99 <0.01 30 30- 151

RM9
N=63

f(R)+f(C)
(Type C)

yupper = 1.03767x-2.0483
ylower = 1.01872x-3.5253

0.99 <0.01 78 30 – 105

*) the model focal point has been defined as the specific value of  actual wood moisture 
content, when the calculated tolerance interval reaches the minimal value.
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Comparison results for two alternating current methods namely DECM 
and EIS for determining wood moisture content in kiln conditions are 
given in Table 2 In regression models, the independent x-variable is 
the actual MC (%), and the dependent y-variable is the predicted MC 
(%). The predicted single measurement tolerance bands on the 95% 
confidence level, yupper and ylower, are calculated using formulas (23), 
(24), (25) and (26). The SE is calculated according to formula (27). The 
tolerance interval (TI) is calculated using the formula TI = yupper - ylower. 
In Table 2 N is the number of  measurements repeated under the same 
test conditions and k is the number of  measurements averaged per series 
of  measurements (i.e., the averaging period). For models with a series of  
measurements (k), the identification type shall be „multiple”.

Table 2. Modeling results of  the dielectric capacitance method (DECM) and electric 
impedance spectrometry (EIS) method. 

N obs., 
k-period

Method type,
Fig. no.

Equations for predicting single 
measurement tolerance bands 
and TI

R2 p-
value
and 
tests*

SE

N = 63 DECM 
(above FSP), 
Fig. 8

yupper = 1.0131x + 5.9063
ylower = 0.9406x +0.8399
TI = 0.0728x +5.075

0.97 <0.01
K-S

4.88

N = 42 DECM
(below FSP)

yupper = 1.0135x + 0.2792
ylower = 0.9788x – 0.1954
TI = 0.0348x +0.4746

0.99 <0.01
K-S
S-W

0.61

N = 63
k = 16

DECM
(above FSP)
(multiple), 
Fig. 8

yupper = 1.006x + 0.44
ylower = 0.9929x – 0.4163
TI = 0.0124x + 0.8775

0.99 <0.01
K-S
S-W

0.46

N = 63 EIS
(above FSP), 
Fig. 8

yupper = 0.9448x + 11.196
ylower = 0.787x + 2.41
TI = 0.1622x + 8.135

0.87 <0.01
K-S

5.01

N = 63
k = 16

EIS
(above FSP)
(multiple), 
Fig. 8

yupper = 1.0134x +1.728
ylower = 0.968x – 0.84
TI = 0.0365x + 2.836

0.99 <0.01
K-S

0.867

* Kolmogorov-Smirnov (K-S) test and Shapiro-Wilk normality (S-W) test

Results for meeting the Rozema criterion in AC-powered capacitance-
type and impedance-type wood moisture meters with reference models 
are given in Table 2 and Figure 8. As can be seen in Table 2  and Figure 
8, for these two types of  moisture meters, the Rozema criterion for 
single measurements above FSP cannot be met in any cases. When 
using measuring series in models where the period k=16, the situation is 
better. According to Figure 8 the Rozema criterion (the red line parallel 
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to the x-axis in the figure) can only be met with a capacitance-type wood 
moisture meter (DECM). The EIS-multiple model is on the borderline, 
and it would probably require some increase in k – the number of  repeat 
measurements – in the measuring series to fulfil the Rcr. The residual 
standard deviation of  the EIS model (SE = 0.867) would, in fact, allow 
for such an approach. 

In Table 2, the second row, the only exception is the model DECM, 
below FSP (Article III, Figure 7), where the Rozema criterion can also 
be met for a single measurement without the need to use measuring 
series. By substituting in the TI equation of  the said model the 30% MC 
value of  the agreed maximum limit of  below FSP, we get TI = 0.0348 
∙ (30% MC) + 0.4746 = 1.58%<3.5% MC. In this context, it should 
be noted that the EIS method does not function properly at below FSP 
(<30% MC) moisture levels due to its low sensitivity. This method was 
therefore not modelled in Article (III) at moisture levels below FSP.

(III) “In Moschler’s paper (2004) it was found that the actual MC point 
of  28.60% of  the high frequency capacitance method (4.5 to 6.0 GHz) 
is estimated to have a predicted extended uncertainty of  +/- 3.62%, 
thus, the corresponding tolerance interval for this point is 7.24% MC. 
In comparison, a tolerance interval of  7.26% MC calculated for the 
same actual MC point of  28.60% was found in this study for the low-
frequency capacitance method (DECM) (Table 2, second row), using 
the relevant formulas: TI = 0.0348x +0.4746; TI = 0.0348(28.60% 
MC)+0.4746 = 7.26%MC”

Figure 8. TI models above FSP.
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5.1.1. Wood electrical charging number

The electrical charging number for wood was first defined in patent 
(I). It represents an empirical constant with very little variability, with 
the same numerical value at all levels of  the average MC of  wood. The 
product of  wood capacitance and resistance is practically constant (or of  
minimal variability) at any moisture content above 30% FSP. We call the 
product of  the aforementioned the wood charging number. Since the 
wood charging number itself  does not depend on the moisture content 
of  the wood, it is not suitable as a variable in the calibration model, the 
purpose of  which is to predict the moisture content of  the wood at a 
level of  more than 30%. At the same time, the function f(R,C) chosen 
by the variables R and C is used in the regression model to compress 
measurement deviations, improve the signal-to-noise ratio, and increase 
the accuracy of  the calibration model at the desired focal points of  the 
model, at preferred moisture contents.

The following hypothesis was put forward in Article (II): “Random 
deviations of  electrical resistance R and electrical capacitance C at a 
given measuring point are inversely proportional and may cause the 
tolerance interval convergence predicted for a single measurement at 
high moisture levels of  wood, if  used with an appropriately selected 
calibration function of  two variables f  (R, C).”

In Article (II) it was established that a sample corresponding to the 
definition of  the electrical charging number can be used to define certain 
two-variable function types A, B, and C (Table 1, second column (II)), 
which, however, depend on wood moisture content. These function 
types lead to the concentration of  random measurement deviations in 
a two-variable (the variables are R and C) calibration model at a certain 
characteristic point, the so-called focal point. The function types A, B, 
and C are given in Table 1. As shown in the previous chapter, these 
function types can be used to meet the Rozema criterion for above FSP 
moisture levels even in the case of  a single measurement. Definition of  
the charging number (II):

“We found that R ∙ C proved nearly constant for every actual moisture 
content value used in the calibration model, thus showing that the 
obtained empirical constant is independent of  the wood moisture 
content. The consistency of  R ∙ C means that in any wood moisture 
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content above the FSP, wood electrical resistance and electrical 
capacitance are in an inversely proportional and non-linear dependence. 
This empirical constant, thus found to be independent of  the moisture 
content, was called the wood empirical charging number, or for short, 
the wood charging number”

(29)

where ChN is the charging number.

For a better graphical representation of  the wood charging number and 
its association with Figure 9 (a) and (b), formula (29) can be given in a 
logarithmic form:

(30)

The value of  the variation coefficient characterizing the dispersion of  the 
empirical charging number is 0.597%. When we compare the charging 
number variation coefficient and the variation coefficients of  electrical 
resistance R and electrical capacitance C (vt. (II), Table 3, columns 9 
and 13), we can conclude that the variation coefficient of  the charging 
number is considerably (about 16 times) smaller than for the electrical 
variables (0.597% for R x C versus 9.85% for electrical resistance R and 
9.47% for electrical capacitance C).

The definition of  wood charging number was first presented in a patent 
application (Tamme et al., 2020). For this research, the definition of  
wood charging number is the basis for our hypothesis:  

“Random deviations of  electrical resistance R and electrical capacitance 
C at a given measuring point are inversely proportional and may cause 
the tolerance interval convergence predicted for a single measurement 
at high moisture levels of  wood, if  used with an appropriately selected 
calibration function of  two variables f  (R, C)”.

𝑅𝑅𝑅𝑅𝐶𝐶𝐶𝐶 =  1994.993 (𝑘𝑘𝑘𝑘Ω ∗ µ𝐹𝐹𝐹𝐹) =  1.995 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 =  𝑐𝑐𝑐𝑐𝐷𝐷𝐷𝐷𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑡𝑡𝑡𝑡 =  𝐶𝐶𝐶𝐶ℎ𝑇𝑇𝑇𝑇  (29) 

𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷(𝑅𝑅𝑅𝑅) +  𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷(𝐶𝐶𝐶𝐶) =  𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷(𝐶𝐶𝐶𝐶ℎ𝑇𝑇𝑇𝑇)    (30) 

𝑅𝑅𝑅𝑅𝐶𝐶𝐶𝐶 =  1994.993 (𝑘𝑘𝑘𝑘Ω ∗ µ𝐹𝐹𝐹𝐹) =  1.995 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 =  𝑐𝑐𝑐𝑐𝐷𝐷𝐷𝐷𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑡𝑡𝑡𝑡 =  𝐶𝐶𝐶𝐶ℎ𝑇𝑇𝑇𝑇  (29) 

𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷(𝑅𝑅𝑅𝑅) +  𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷(𝐶𝐶𝐶𝐶) =  𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷(𝐶𝐶𝐶𝐶ℎ𝑇𝑇𝑇𝑇)    (30) 
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Figure 9. Wood charging number (a) and R + f(C), R model TI (b).

5.1.2. Wood moisture meter prototype based on charging number 
ideology

The prototype consists of  three modules connected by coaxial cables. 
The first module is the so-called switching block for implementing the 
PD cycle according to the logic of  the MCU program. The second 
module is the so-called analogue block which is essentially an electrometer 
based on operational amplifiers. The third module, the so-called digital 
block, contains the computing technology necessary for controlling the 
switching component, digitizing, processing and transmitting the output 
of  the analogue part.

At the beginning of  the polarization cycle, the measuring electrodes of  
the electrometer (sense and non–sense) are connected to the input of  
the analogue component. The output of  the analogue part is connected 
to the input of  the digital component (ADC). At the beginning of  
depolarization, the measuring electrodes are connected directly to the 
digital block and the electrometer, i.e. the analogue part, is removed from 
the circuit. After recording the measurement results of  the depolarization 
cycle, the sense and non–sense electrodes are short-circuited for the 
final discharge of  the wood.

Sense and non-sense switching to the input of  the analogue part is made 
with the DPST–CO reed relay. Sense and non-sense switching between 
the output of  the analogue part and the input of  the digital part are 
made with a DPST–NO reed relay. Sense and non-sense shorting are 
made with the SPST–NO reed relay. The maximum switching duration 
for different combinations is 3 ms.

 

 

   (a)     (b) 
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The output of  the electrometer is digitized by a two-channel 16–bit 860 
SPS sigma-delta differential analogue–to–digital converter (ADC). The 
conversion frequency of  128 measurements per second is chosen based 
on the optimal signal–to–noise ratio, the switching speed of  the reed 
relay and the performance of  the microcomputer. In this case, less than 
one measurement is lost during the PD cycle transition. The results of  
the ADC conversion are transmitted over the i2c bus to a microcomputer 
(Raspberry Pi) for digital processing and need–based data transmission 
over the ethernet (wireless) network with the ssh protocol or using the 
built-in serial port rs–232. Between the electrometer and the ADC is 
a buffering (unity gain and common-mode level shifting) differential 
amplifier followed by a pre–amplifier containing integrated RFI 
and EMI rejection filters. The fixed gain stages of  the pre-amplifiers 
(programmable gain amplifier, PGA ) are selected so that one channel 
has a maximum allowable differential input voltage of  0–5 V and the 
other channel has 0–250 mV. One channel is used at a time, which is 
selected depending on whether a narrow or wide humidity range is under 
investigation. It is optimal if  the precision feedback resistor selected 
with the tumbler switch in the feedback circuit is of  the same magnitude 
as the measured resistance of  the wood. The situation where only a 
narrow range of  the wide measurement range is used means a loss of  
resolution that could be avoided by choosing a more sensitive channel.

The current consumption of  the system is in the order of  40 mA for 
the analogue component and 100 mA (160 mA with Wi-Fi) at a supply 
voltage of  5.2 V, which means the ability to power the prototype from a 
battery bank, i.e. an autonomous device.

Since the prototype is a real device in real space, it is necessary to adjust 
the cumulative errors of  the components e.g. zero correction.

The correction of  the digital part is done with numerical correction in 
the program code, and the correction of  the analogue part is realized 
with a potentiometer in the feedback circuit of  the operational amplifier.
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Figure 10. PD moistur e meter prototype modules. Switching (a), analogue (b) and 
digital module (c).
where a1 is BNC connector, a2 is reed relay, b1 is precision rail-to-rail operational 
amplifi er, b2 is high precision low noise low dropout voltage reference, b3 is 
Conductance or Resistance mode selector, b4 is reference voltage selector, b5 is power 
switch, b6 is +5V supply connector, b7 is voltage output 0–5 V, b8 is feedback resostor 
selector, b9 is zero voltage corrector, b10 is sense and non-sense input, c1/c8 is unity 
gain, differential amplifi er, ADC driver and rail-to-rail operational pre-amplifi er, c2 is 
differential ADC, c3 is voltage fi lters area, c4 is switch (reed relays) block output, c5 
is rs232 communication channel, c6 is microcomputer with peripherals and c7 is dual 
supply DC-DC converters.

        (a)                               (b)                                             (c)

Figure 11. PD moisture  meter prototype assembly where 1 is mode selector, 2 is 
feedback voltage selector, 3 is power switch, 4 is power input, 5 is rs232 port, 6 is 
GPIO output, 7 is voltage input, 8 is zero adjustment, 9 is feedback resistor selector, 
10/11 is sense and non-sense input, 12 is ADC input and 13 is MC meter analogue 
output.
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Figure 12. Typical woo d polarization (a) and depolarization (b) cycles.

During the polarization phase wood is charged up and analogue part 
voltage output is sampled by ADC and recorded in the microcomputer 
local memory. Depolarization phase voltage is measured directly from 
electrodes with a low-impedance electronic circuit.

5.2. Operational reliability test results of  a capacitance-type wood 
moisture meter and impedance-type wood moisture meter in kiln 

climate conditions (III)

The purpose of  the reliability tests was to identify ranges of  reliable 
useful capacitance for which wood MC calibration models for both 
below FSP and above FSP moisture levels could be generated. As 
a capacitance meter (CAM), the Meterman LCR capacitance meter 
(Wavetek Meterman, 2023) and the MetrOhm Autolab impedance 
spectrometer (Eco Chemie, 2023, 2023a) were used in the tests. The 
range of  reliable useful capacitance cannot be found until all risks to 
the reliability of  the MEC design have been mitigated. The main MEC 
reliability characteristics found in reliability testing are presented in the 
following Table 3.

  (a)     (b)
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Table 3. The main physical reliability characteristics of  the dielectric capacitance 
method (DECM) in a kiln climate and the corresponding capacitance meter (CAM) 
response.

Effect, parameter, figure no. Effect range CAM response
Condensation of  water vapor 
on MEC plates

Cparasite = 340 to 845 pF
Cparasite = 681 pF, 
determined using EIS 
method

CAM reading recorded ca. 5x 
and moderately increasing**

Leakage of  MEC insulators Cparasite = 163 to 681 pF
Rparallel = 61 to 0.778 
kOhm

Floating of  CAM reading

Triboelectric charges on MEC 
plates

Ustatic = - 10.5 to 4.29 V Floating of  CAM reading, 
CAM spoilage risk

Useful MEC capacitance,* 
below FSP (0.% to 30% )
Useful MEC capacitance, 
above FSP (30% to 105%)

Cuseful = 121 to 205 pF
MC = 0.% to 30% 
Cuseful = 205 to 231 pF
MC = 30% to 105%

CAM reading stable and 
reliable

* Useful MEC capacitance depends on the moisture content of  wood and the thickness of  the 
wood material according to the MEC, formula (15). Wood moisture content is related 
to the dielectric constant ε in formula (15).
** „Moderately increasing” means that it is possible to manually retrieve a CAM 
numerical reading, but it slowly increases as the water vapor condensation progresses.

For example, water vapour condensation on plates can cause up to 5 
times the measured capacitance, a drop in resistance from 10 giga-Ohms 
to 61 kilo-Ohms when insulators leak, and a potential of  triboelectric 
charges of  up to 10 V. 

In summary, the various reliability disruptive effects are selectively and 
quantitatively outlined in Table 3. The ranges of  parasite capacitance and 
parallel resistance associated with insulator leakage are given in Table 3 
in the first and second row.

On the last row in Table 3 it was found as a result of  reliability testing 
that the useful capacitance range for below FSP 0–30% MC is 121–205 
picofarads, and for above FSP 30–105% MC is 205–231 picofarads. By 
dividing the useful capacitance range by the corresponding MC range, 
we get DECM sensitivity of  2.8 pF/MC% for below FSP, and 0.35 pF/
MC% for above FSP. Therefore, the difference in sensitivity between 
below FSP and above FSP MC ranges is 8-fold, that is, in favour of  the 
below FSP range.

Triboelectric charges only begin to form at below 60% RH, which 
corresponds to the wood surface equilibrium moisture content (EMC) 
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of  12%. Triboelectric charges, otherwise known as static charges, cause 
an electrostatic field potential on the surface of  the wood in volts, 
which was recorded in real time with a high input impedance (1012 Ω) 
electrometer. Since the charges affect the electrical capacitance of  an 
electrostatic system, in principle, as in the case of  insulator leakage, we 
are dealing with parasitic capacitance, only the formation mechanism is 
different.

With the impedance method, the risk to operating reliability does not 
lie in the leakage of  pin insulators under kiln (dryer) conditions, but 
in insufficient grounding and shielding of  the measuring device. This 
type of  disturbance can easily be eliminated and does not require special 
examination.

5.3. Pine wood drying optimization results (IV)

5.3.1. New wood drying monitoring sensors added to the 
experiment – surface layer displacement sensor and surface layer 

electrical resistance sensor

In addition to the new sensors and insulated pin electrodes, the monitoring 
of  the drying process dynamics is also complemented by thermocouple 
sensors, which are, according to the layout of  the placement of  sensors 
on the specimen (Figure 4, b), arranged as follows: 10 mm of  the surface 
is the drying air temperature sensor, 0.5 mm of  the surface is the wood 
surface layer temperature sensor, and finally, at a depth of  18 mm, there 
is the specimen centre temperature sensor.

A modified Ahlborn (Ahlborn, 2023) displacement sensor (Type FWA 
025-T) (Figure 13, b) was used to detect surface layer displacement in 
the kiln. Since the sensor does not operate on electronics, it can be 
stored in the drying medium without cooling. This sensor measures 
displacements only in the surface layer of  wood. As the surface layer 
electrical resistance sensor, a sensor electrically equivalent to a pin sensor 
was used (Figure 13, a)
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Figu re 13. Wood surface layer resistance sensor (a) and displacement sensor (b).

According to Figure 17 the distinction between the fi rst and second 
drying phases is most easily made on the basis of  monitoring temperature 
differences.

The drying experiment in Article (IV) allowed monitoring two temperature 
differences. First, the difference between drying air temperature and 
wood surface temperatures and second, the difference between the 
wood surface temperature and the specimen centre temperatures.

The temperature monitoring revealed that the temperature sensors 
practically fail to respond to the moistening impulse. However, the 
displacement sensor and electrical resistance sensors react vigorously to 
the moistening impulse.

5.3.2. Critical diffusion constant of  wood surface layer and 
critical drying air humidity

The situation preceding a sharp drop in wood layer diffusion is 
characterised by the critical diffusion coeffi cient. This is a borderline 
where the drying speed of  the wood changes signifi cantly, moving into 
a slow drying phase. The timed moistening impulse suppresses the 
maximum strain. The goal is to keep the strain below the 0.33 limit 
(Salin, J. G. 2007), because exceeding it creates a risk of  drying cracks. 

From Article (IV): “The maximum value of  the diffusion coeffi cient 
immediately before entering into the second drying phase was named 
the critical diffusion coeffi cient. Mass fl ux, gradient, and critical DC are 
values which are diffi cult to determine under industrial wood drying 
conditions. Therefore, based on the separating line of  the fi rst and 
second drying phase, it makes more sense to determine the critical relative 
humidity (RH) of  the drying air on the basis of  the laboratory test, below 
which the drying process enters the second drying phase. Monitoring 

        (a)      (b)
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the critical RH value is not a problem in industrial conditions, as wood 
kilns are usually standard-equipped with a corresponding sensor and a 
logging option. The determination of  critical RH is shown schematically 
in Figure 4”

Figure 14. Identification of  the critical RH of  the drying air according to the separating 
line of  the first and second drying phase.

Figure 15 shows the schematic for determining the critical diffusion 
constant in the surface layer of  wood (at a depth of  2.5 mm from the 
surface) using the four-point method. This is based on formula (16) in 
finite increments.
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Figure 15. A schematic for calculating the diffusion coefficients in the first and second 
drying phases, using the four-point method based on experimental data.

In principle, the diffusion coefficient DC can be given according to 
Formula (18)  as the ratio of  the mass flux to the gradient:

(31)

(32)

(33)

where D is diffusion coefficient (DC) (m2/s); ∆(MC%) is the finite 
increment of  the wood’s MC% on the time axis for the mass flux and 
in the material thickness (x-axis) for the gradient (MC%); mdry is the 
wood’s dry mass (kg); S is the specimen’s surface area (m2); ∆t is the 
time increment (s); ρwood,dry is the wood’s dry density (kg/m3); ∆x is the x 
coordinate’s increment (m).

The calculation schematic with formulas (31), (32), and (33) allows for 
the determination of  the local diffusion coefficient at different depths 
of  the wood surface in a non-equilibrium state (i.e., both the mass flux 
and gradient change over time). A prerequisite for this is the presence of  
individually calibrated resistance-type measuring electrodes that enable 
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monitoring wood MC at different depths from the specimen surface 
(Figure 4). Repeating the critical diffusion coefficient determination 
in the next drying test is a rather laborious operation. For this reason, 
Figure 14 also makes it feasible to determine the relative humidity of  
the drying air corresponding to the critical diffusion coefficient. The 
relative humidity of  the drying air thus determined can be used in the 
search for and simulations of  optimal drying modes. Tables 4, 5, and 6 
show drying schedules designed according to the recommended critical 
drying air humidity and to the precisely timed moistening impulse. When 
constructing the moistening impulse using the TORKSIM simulation 
program, it should be borne in mind that all the moisture used to raise 
the surface MC of  wood with the moistening impulse must also be dried 
out later. This, in turn, increases the drying time. However, the relaxation 
of  surface strain below the critical breakage limit outweighs the increase 
in drying time due to the moistening impulse. The time frames of  the 
simulated moistening impulse always appear in the second, variable-
speed drying phase.

From Article (IV): “After carrying out these calculations, the values of  
the experimental DC were the following: DC1ph. = 27 * 10-4 mm2/s 
in the first drying phase and DC2ph. = 18 * 10-4 mm2/s in the second 
drying phase (Tamme et al., 2021). At the end of  the first drying phase 
and at the beginning of  the second drying phase, the simulated DC has 
an almost equal value (i.e. 11.8 * 10-4 mm2/s).”

5.3.3. Simulation of  drying process optimization results with 
TORKSIM program using critical drying air humidity and 

moistening impulse

In the case of  a simulation, a mathematical model of  the drying process 
is created on a computer. During the simulation, information is obtained 
about the state of  wood when the drying mode is completed. The 
simulation provides, in the form of  graphs and tables, the moisture 
curve generally 100% for sapwood and 100% for heartwood. Based on 
the results received, it can be decided whether the drying mode meets 
the requirements or whether it needs to be changed. Simulation is an 
important tool for companies who want to check what happens to wood 
before starting a new drying operation. Table 4 shows the optimizable 
mode used in an industrial kiln.
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Table 4. Industrial drying schedule.

Time (h) Air temp. (oC) Air RH (%)
0 20 93
1 47 93
12 47 93
36 50 90
60 52 85
84 52 80
108 52 69
132 52 59
156 52 49
180 52 39
204 52 39

Table 5. Optimized drying schedule.

Time (h) Air temp. (oC) Air RH (%)
0 20 60
1 47 83
113 52 81 (crit. RH)
132 52 59
156 52 49
180 52 39
204 52 39

Table 6. Optimized drying schedule with moistening impulse, RH decrease 16% 24h, 
strain below 0.33.

Time (h) Air temp. (oC) Air RH (%)
0 20 93
1 47 93
24 47 77
48 50 61
72 52 45
(90) (52) (40)
96 52 29
120 52 13
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Figure 16. Optimized and unoptimized drying schedule (a) and optimized simulation 
schedule with and without the moistening impulse (b).

Figure 16, a shows the results of  optimizing the drying process using the 
critical diffusion coefficient. In Figure 16, a the upper drying curve was 
simulated based on a typical industrial drying schedule, and the lower 
curve was simulated while considering the critical diffusion coefficient. 
The comparison is based on a typical industrial wood drying schedule 
(see Table 4 and the upper curve). The result of  the comparison is 
illustrated with the third curve representing the difference.

With markers, the numerical effect of  optimization is indicated in the 
figure. The drying of  a 36 mm thick pine board was optimized. The 
results were compared by drying time and strain. In the preparation 
of  an optimized drying schedule that considers the critical diffusion 
coefficient, the drying time of  a typical industrial drying schedule 
was reduced from 140 hours to 92 hours, i.e. 48 hours or two days. 
The final moisture content was 26% in the optimized mode and 27% 
in the industrial mode, i.e. essentially the same. The optimized mode 
was characterized by somewhat higher relative strains instead of  the 
promised 0.33 (Salin, J.G, 2007; Sova et al., 2016), which were relieved 
by a timed moistening impulse.

Figure 16, b represents the result of  optimization using a timed 
moistening impulse. The figure shows that the dangerous maximum 
drying strain is levelled by a rather imperceptible moistening impulse 
in the drying schedule (Table 6, the row in brackets). A minimum MC 
increase is traded for a significant strain decrease. So, to achieve a 
positive result, the moistening impulse does not need to be of  very large 
amplitude or long duration. This fact, in turn, saves drying time, because 
the moisture added to the wood by the moistening impulse must still be 
dried out later.

 

  (a)     (b) 
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5.3.4. Wood drying stress evolution indicator

Resistance sensors located at fi ve different depths in wood, when taken 
together, could also provide additional information on the drying stress 
of  the wood, in addition to the moisture content. Feedback on the 
validity of  such possible information can be obtained by using the drying 
process simulation program TORKSIM. In the case of  a tree species 
for which there is no simulation program, one way to get feedback is 
by the rate of  shrinkage of  the displacement sensor base on Figure 17. 
According to the feedback received, the mathematical shape  (34) of  the 
electrical indicator of  drying stresses can be corrected, where, for clarity, 
the log scale has been replaced by the measurement channel name U1 
– U5: 

(34)ESCR =  10logR1mm+10logR4mm
10logR8mm+10logR12mm+10logR18mm

=  (U1+U2)
(U3 + U4 + U5)

   (34) 

 

 Figure 17. A distinction between the fi rst and the second drying phases based on the 
log fi les of  three thermocouples and an displacement sensor.

The moistening impulse was used to check the accuracy of  the indicator 
timeline. The goal was to bring the indicator maximum together with 
the simulated stress maximum by drying according to the same drying 
schedule. So, the indicator ideology is based on the usual comparison of  
the result of  the experiment and the result of  the simulation. Also helpful 
in the development of  the drying stress indicator was the infl uence of  
the moistening impulse on the resistance sensors. The result of  the use 

Visualization of  the temperature and displacement sensor measurement 
results provides an overview of  the temporal sequence of  processes 
occurring in different drying phases.
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  (a)     (b) 
 Figure 19. Comparison of  experimental and simulated moisture profi les in pine wood: 
after 92 hours (a) and after 142 hours (b).

 Figure 18. Dependencies of  the ESCR value and the TORKSIM v5.11 simulated 
relative drying stresses on drying time. For a better visual comparison, the simulated 
relative stresses are multiplied by a factor of  3.12.

With the use of  the displacement sensor in the experiment to monitor 
deformations in the surface layer, it was found that the drying shrinkage 
of  wood in the surface layer begins signifi cantly earlier than throughout 
the entire cross-section of  the wood. The shrinkage of  the surface layer 
begins already when the average MC of  the wood is just 60%, but the 
total maximum drying stress occurs only after the average MC of  the 
wood is below FSP, i.e. less than 27% MC.  This result is confi rmed in 
addition to the displacement sensor (Figure 17) and humidity profi le 
graph at the 92nd hour (Figure 19) also by the drying stress indicator 
graph (Figure 18). Indeed, at the 92nd hour, a rise can be witnessed 
also on the indicator graph. Of  course, the proportions of  the indicator 
graph may not exactly correspond to the actual drying stress profi le. 
That is why this is merely an indication. 

of  the indicator for the detection of  the maximum stress in the drying 
process is depicted on Figure 18.
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A comparison of  experimental and simulated moisture profiles also 
supports the conclusions of  the ESCR indicator. Figure 19, a shows 
the simulated and experimentally determined humidity profile at the 
92nd hour, and Figure 19, b indicates the corresponding simulated 
and experimental moisture profile at the 140th hour. It can be seen 
that at the 92nd hour, according to the simulation, no drying occurs in 
the surface layer yet, but in the experiment, the surface layer has dried 
below FSP, i.e. wood MC is less than 27%. Thus, the surface layer begins 
to shrink, which is also indicated by the displacement sensor (Figure 
17). Compared to the 92nd hour, both the simulated and experimental 
moisture profile are below FSP at the 140th hour, suggesting maximum 
simulated and experimental stresses.
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6. DISCUSSION

Monitoring methods and calibration of  wood moisture meters

Before preparing the calibration model, it is expedient to perform 
some simpler pre-processing on the sample of  the collected test data. 
First of  all, a solution to the problem of  asymmetry in the number of  
measurement data should be found. The problem of  asymmetry in 
the number of  measurement data means that more than one value of  
the electrical variable may correspond to a value of  the actual wood 
moisture content found by weighing. The reason is that electrical 
measurements are very fast, and thus a large number of  high-quality 
(i.e. low-dispersed) electrical quantity measurements are generated for a 
single measurement of  actual wood moisture content. A few examples 
of  numerical asymmetry can be given.

E1. Capacitance method for measuring the moisture content of  wood (Art. III). 
One measurement of  actual moisture content of  the wood corresponds 
to one measurement of  the electrical capacitance of  wood, so there is no 
asymmetry in the number of  measurements.

E2. Electrical polarization method for measuring the moisture content of  wood (Art. 
I and II). With this method, 200 measurement points correspond to 
one value of  the actual moisture content of  wood during a 20-second 
measurement period and a 0.1-second measuring interval, and 
additionally 200 measurement points of  electric capacitance, so a total 
of  400 measurement points.

E3. Impedance method for determining the moisture content of  wood (Art. III). 
With this method, 80 high-quality electrical quantities (i.e. 20 x real part 
of  impedance + imaginary part of  impedance + Bode phase angle + 
modulus or magnitude of  impedance) correspond to one real value of  
wood moisture content at 20 selected frequencies in the impedance 
spectrum (Tomppo et al., 2011).

To smooth out the asymmetry of  the measurement data, the arithmetic 
averaging of  the measurement data of  electrical quantities (Scanntronik, 
2023), selection of  one variable in the model and ignoring the rest, 
defining an auxiliary variable, parametrization by modelling (Art. I and 
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II) may be used, and finally, one of  the options is the use of  rather clumsy 
multivariate statistical methods (Crawley, 2023) to deal with a large 
number of  independent X variables. The pre-processing stage should 
necessarily include a descriptive statistics procedure for obtaining point 
estimates in each moisture group before the final calibration model for 
interval estimation is created. The pre-processing stage can turn out to 
be quite extensive. Therefore, it would be feasible to use data processing 
automation (see chapter 4.8).

This is followed by the creation of  the final calibration model with the 
corresponding reliability bands using the linear or non-linear regression 
method. Finally, the reliability of  the obtained regression method 
itself  should be tested with visual methods (Q-Q plot and histogram) 
applied to the regression residuals, and also with non-parametric tests to 
quantitatively check the normal distribution hypothesis of  the forecasted 
residuals (see chapter 4.8).

The calibration model is then validated. The most common is 
validation under repeatability conditions. Validation is less often used 
under reproduction conditions (Laaneots and Mathiesen, 2006). In 
repeatability conditions, the conditions of  the calibration experiment 
are repeated 100%, but in reproduction conditions only partially. A 
common technique is to leave some test points out of  the calibration 
model in order to later use these points to check the calibration function 
(Hans et al., 2013; Johansson et al., 2003). Another common technique 
is to recalculate experimental data using the calibration function or 
measuring function found using the calibration model. The result is a 
scatter plot with the actual wood moisture content values on the x-axis 
and the wood moisture content values predicted using the calibration 
function on the y-axis. Such a model was called a reference model in 
Articles (I) and (II), i.e. an application model of  the calibration function. 
It should be mentioned that it is not possible to actually calibrate any 
measuring device using the reference model, but it is possible to evaluate 
the quality of  the calibration procedure under repeatability conditions.

Using the individually calibrated pin electrodes, it is possible to monitor 
changes in wood moisture content at different depths from the surface, 
as well as temporal changes in the average wood moisture content. 
Moreover, the signal-to-noise ratio (SNR) achieved in previous studies 
is very good in the case of  individual calibration, i.e. reaching over 10. 
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Unfortunately, a pin electrode calibrated using the dry weighing method 
of  the resistance method loses its calibration when it is nailed to a new 
location in wood. The pin electrodes can be individually calibrated only 
after knowing the dry weighing data. Since in practice it is necessary 
to obtain accurate measurement results in real time during drying, the 
need for subsequent calibration should be waived in the future. The 
symmetrical properties of  the wood charging number enable the 
creation of  focusing calibration models, which significantly reduce the 
variability of  the measurement results around the selected focus point. 
The novel calibration models with two independent variables based on 
the electrical wood charging number obtained by the PD method would 
require further research due to their great potential. In principle, the 
application of  the obtained research results to the monitoring of  the 
moisture content of  growing trees is not prevented either (Yang et al., 
2023).

The quality of  the calibration model under repeatability conditions was 
assessed in this thesis using the Rozema criterion (Rcr). Alternatively, the 
quality of  the calibration model can be evaluated based on the signal-to-
noise ratio (SNR). The following qualitative discussion can be presented 
to compare the two assessment methods.

Rcr is a constant quantity, merely a numerical limit value beyond 
which the TI (tolerance interval) of  a single measurement should not 
exceed at 95% reliability level. If, for example, it turns out that the total 
useful signal range is smaller above FSP (fibre saturation point) than 
at moisture contents below FSP, the signal-to-noise ratio will naturally 
deteriorate. This, in turn, also affects the predicted MC tolerance interval 
at moisture contents above FSP. When it comes to the numerical values 
of  SNR, according to the data (Tamme, 2016), SNR = 1.5 means that 
the useful signal is 1.5 times greater than the noise. Such a situation may 
be statistically modelled, but the Rozema criterion cannot be fulfilled 
for a single measurement with such an SNR. However, it may turn out 
to be met in the case of  measuring series consisting of  16 elements. Of  
course, if  the standard error limit of  the model does not occur. If  SNR 
≥ 10, i.e. the useful signal exceeds the noise signal by ten or more times, 
then we can consider the Rcr fulfilled even by a single measurement 
without the need for repetitions. This fact is the reason why DECM 
needed a series of  repeated measurements at moisture contents above 
FSP, but not below FSP (Table 2).
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From Article (III): “In another paper (Johansson et al., 2003), an 
RMSEE of  12.52% MC was found for the high-frequency (9.375 GHz) 
capacitance method for above FSP, and of  0.74% MC for below FSP. 
This study found SE values that were very close to the RMSEE, as 
is shown in Table 2, formulas (27) and (28). Above FSP, the SE was 
4.88% MC and below FSP the SE was 0.61% MC. Thus, below FSP 
the numerical data are comparable, but above the FSP range, the low-
frequency capacitance method used in this study provides results that 
are twice as good as those achieved with the model residual error.” 

The physical reason for the difference could be assumed to be the better 
homogeneity of  the alternating electrical field in the parallel plate capacitor 
compared to the slot capacitor. A parallel plate capacitor was used in this 
thesis, but a slot capacitor was used in the study by Johansson et al., 2003.

In Table 1 (II, RM9), an auxiliary variable of  the f(R)+f(C) type 
was modelled as an example, which enabled a series of  16 repeated 
measurements to be replaced by a single measurement to fulfil the Rcr, 
and thus significantly save on the labour intensity of  the measurements. 
It may be added as a comment that determining the functions f(R) 
and f(C) in turn requires six trial-and-error parameters, which are very 
labour-intensive (or even impossible) to determine manually. Solving 
such a task requires the presence of  a special computer program.

As part of  the discussion, firstly, operating reliability, and secondly, the 
calibration results should be analysed in connection with the impedance-
type wood moisture meter. In the DECM and impedance measurement 
system, the alternating current strengths are of  the same order of  
magnitude, about 2 nanoamps. One may ask why DECM is very sensitive 
to parasitic capacitance, and EIS is not. One possible explanation lies in 
the different surface area of  the electrodes and its effect on parasitic 
capacitance. For EIS and other contact methods studied in this thesis, 
the area of  one pin electrode was 47 square millimetres. The area of  one 
plate for DECM was 150 x 500 mm = 75,000 mm2, so the difference was 
1,600 times. The parasitic capacitance of  DECM determined by circle 
fit modelling was 680 pF. Therefore, when adjusting to pin electrodes, 
the parasitic capacitance of  a pin electrode was about 0.4 pF. In the 
paper (Tamme et al., 2022), the capacitance of  the pin electrode and the 
double layer of  wood was found to be about 20 microfarads by means of  
modelling. This is 20*106pF. It is clear that the parasitic capacitance, which 
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is about a million times smaller, cannot affect the electrical capacitance 
of  the double layer determined by the impedance method. Secondly, 
when calibrating the impedance meter as a wood moisture meter, the 
wood impedance modulus (13) was used as an electrical variable. In 
the comparison of  the success of  fulfilling the Rozema criterion, the 
results were to the detriment of  the impedance method. The electrical 
variable impedance modulus was chosen according to an authoritative 
literature source (Tomppo et al., 2011). The result of  the calibration of  
the impedance method leads to the thought that, in the future, it would 
not be practical to use some other electrical variable as an independent 
variable in the calibration model. The impedance spectrum provides a 
wide range of  options for this.

Optimization of  the wood drying process.

Traditionally, the drying process is divided on the basis of  the drying 
curve into the first or constant-speed drying stage and the second, 
variable-speed drying stage (Lazarescu et al., 2010; Remond et al., 2007).

In this thesis, the drying process is also divided into the first and second 
stages according to the effective local diffusion coefficient, where the 
transition between the stages is clearly identifiable. The difference with 
the traditional division into stages is that special attention is paid to the 
surface layer of  the wood, which makes up about 10% of  the thickness 
of  the material (EDG, 2010).

Paying special attention to the state of  the surface layer of  wood in 
drying experiments may cause some apparent contradiction between the 
experimental data and the TORKSIM simulation. In the subsection of  
the results, it was found that the surface layer begins to show all the signs 
of  the transition from the first drying stage to the second drying stage. 
Firstly, the length of  the base of  the displacement sensor (l = 120 mm) 
begins to decrease, which indicates the beginning of  shrinkage of  the 
surface layer. Secondly, the difference between the temperature of  the 
surface layer and the temperature of  the middle part begins to increase 
(Figure 17). Thirdly, the moisture profile determined in the experiment 
at the 92nd hour does not match the simulated moisture profile (Figure 
19). The simulated moisture profile shows a constant average MC 
(moisture content) of  60%, but the experiment shows the beginning of  
drying of  the surface layer and the development of  a parabolic moisture 
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profile in the cross section of  the material. However, at the 140th hour, 
the simulation and the experiment both show the same average wood 
MC of  27%, and maximum drying stress in the wood. The displacement 
sensor shows an increase in the rate of  base shrinkage at the 140th 
hour. In order to eliminate contradictions between the simulation and 
experiment, it should be assumed in the discussion that although the 
formation of  stress in the surface layer starts indeed earlier (i.e. at the 
92nd hour), numerically this so-called preliminary stress probably makes 
up a negligible part (estimated 5–10%) of  the maximum stress at the 
140th hour. After exceeding the maximum at the 140th hour, the stress 
starts to drop again (Figure 18).

In the course of  discussion, it could be asked whether the moistening 
impulse applied in the second drying stage could return the surface layer 
of  the wood to the first, constant-speed drying stage. Probably not. The 
physical reason is that the transition from the first stage of  drying to 
the second stage is an irreversible process, i.e. the microstructure of  
the surface layer of  the wood being dried has already been irreversibly 
changed, and the associated moisture transfer has irreversibly decreased. 
(Younsi et al., 2006; Kretschmann, 2010; Bergman, 2010).

“Input data generated by another mathematical model, such as the 
simulation program TORKSIM, may be used as an input for the 
commercial process optimization program StatEase Expert Composite 
Design v. 11. Thus, solving the task of  optimizing the wood drying 
process would be done purely on the basis of  theory, without using 
experimental data.” (Tamme et al., 2021c). In this thesis, however, such 
a solution to the wood drying optimization task was abandoned for the 
following reasons.

Firstly, the StatEase program requires constant drying modes in its input. 
Constant drying modes create unnecessarily high stress in the material 
to be dried in the initial phase of  drying, and later waste drying time 
unnecessarily. Reasonable results from the point of  view of  stress were 
obtained only for thin (thickness up to 20 mm) spruce and pine material 
(Tamme et al., 2021c).

Secondly, if  any simulation of  the TORKSIM program turns out to 
be inconsistent with the drying experiment, StatEase takes it as a true 
result, and the result may be a false conclusion about the optimal region 
of  the factors.
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7. CONCLUSIONS

The hypotheses established in this thesis were confirmed.

The first hypothesis of  measuring error compensability was confirmed. 
Indeed, it turned out that the random measuring errors in the wood 
moisture meter can be reduced either by increasing the number of  
measurements in the measurement series or by compensating for them 
in the composition of  the two-variable function, using a special auxiliary 
variable. The result best modelled for the polarization-type moisture 
meter was characterized by achieving the same measurement accuracy 
in the model compensating for random measuring errors with a single 
measurement as with a series of  16 measurements in a traditional 
resistance-type moisture meter.

The second, operating reliability hypothesis was also confirmed. Indeed, 
the capacitance-type wood moisture meter had reliability problems in 
the climatic conditions of  the wood kiln. Special experiments were used 
to find out the sources of  the effects disturbing the reliability. These 
turned out to be the parallel electrical conductance channel formed 
on the main insulator of  the measuring capacitor, and the parasitic 
capacitances formed on the plates of  the capacitor, the origin of  which 
could be either condensation of  water vapour or triboelectric charges.

The third hypothesis about the critical diffusion coefficient was also 
confirmed. Indeed, when the limit of  the critical diffusion constant is 
exceeded, changes in the moisture content of  the surface layer spread 
from the surface layer of  the wood to the inner layers. It was found that 
the advance-paced transition of  the surface layer to the second stage 
of  drying causes a decrease in the speed of  the diffusion process in the 
inner layers of  the wood as well. A peculiar semi-permeable moisture 
barrier is formed in the surface layer, which practitioners – kiln operators 
– also call ‛crust’. Without the semi-permeable moisture barrier in the 
surface layer, the potentially possible diffusion of  water vapour in the 
inner layers would be many times faster.

The objectives set in the thesis were achieved.
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The first objective of  the moistening impulse response check was 
accomplished. Initially found only in simulated form, the response of  
the moistening impulse to the stress of  the surface layer of  wood was 
confirmed in further tests. The exception was the temperature sensors, 
which were practically insensitive to the moistening impulse.

The second objective for the development of  specific sensors has been 
achieved. New wood surface moisture and wood surface displacement 
sensors have been developed and tested in the experiment, which 
withstand the climatic conditions of  the wood kiln. Valuable work 
experience has been acquired in the installation and operation of  sensors.

The third objective for the development of  the maximum stress 
indicator has been achieved. An electrical indicator of  wood stress has 
been developed in cooperation with five electrical resistance sensors 
placed at different depths. On the one hand, the resistance sensors 
were individually calibrated to monitor the moisture content of  wood at 
different depths, and on the other hand, as an added value, the signal from 
the resistance sensors was used as an indicator of  the maximum drying 
stress in the wood. It was found that feedback from the wood drying 
simulation program TORKSIM can be used to refine the indicator’s 
mathematical formula (34) when it comes to pine or spruce wood. If  it is 
a tree species for which there is no simulation program, the contraction 
rate of  the base of  the displacement sensor can be used as feedback. A 
sudden increase in this rate indicates maximum drying stress.

The fourth objective for the development of  the moisture meter 
prototype has been achieved. The hardware capabilities of  the moisture 
meter prototype corresponding to the patent description for collecting 
measurement information were improved. In the patent description, 
the moisture meter had only a potentiostatic (i.e. at constant voltage) 
charging mode. In addition, a constant current generator was added to 
the moisture meter and, in connection with it, also a galvanostatic (i.e. at 
constant current) charging mode. In the potentiostatic charging mode, 
charging voltages of  1.024 V and 0.124 V were used. In the galvanostatic 
charging mode, a constant charging current of  0.1 microamps was used. 
Secondly, a multiplexer switching block was added, with which it became 
possible to monitor the depolarization voltage as well. The possibility 
of  depolarization voltage monitoring was not included in the patent 
description. With the addition of  these two improvements, the collection 
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of  high-quality measurement data was expanded by about four hundred 
measurement points in one location of  the installation of  measuring 
electrodes on wood.

In the study (Tamme et al., 2022), the theoretical background of  the 
patented wood moisture meter prototype was expanded using ZView 
modelling. In the mentioned study, the focus was on modeling the effect 
of  electrical charging of  wood in the time domain and in the frequency 
domain, which occurs when measuring with a moisture meter.

The wood moisture meter developed in this PhD thesis for monitoring 
wood drying is basically also usable for monitoring the MC of  growing 
trees (Yang et al., 2023). The moisture meter is small in size, battery-
powered and connected to the Internet, enabling data storage, pre-
processing and downloading via the Internet. In the future, it would be 
expedient to study the possibilities of  using the polarization-type wood 
moisture meter developed in this PhD thesis for monitoring the MC of  
growing trees.

Recommendations for practical wood drying.

In this thesis, the relative humidity value of  the critical drying air 
corresponding to the critical diffusion constant for pine wood was 
found. It is easy for a timber company to use this information to modify 
its drying schedules on site.

Technology companies producing control automatics for wood kilns 
could be recommended for prototyping the sensors monitoring surface 
moisture and surface deformation developed as part of  this PhD thesis, 
as well as the dielectric capacitance-type sensor (DECM) for the average 
moisture content of  wood.

A significant number of  licenses for the wood drying simulation program 
TORKSIM have been sold in three Baltic countries. This PhD thesis 
allows a timber company using TORKSIM to navigate the complex 
mathematical model of  the program, as well as to receive practical 
feedback on the strengths and weaknesses of  the program.

A still unsolved problem in practical wood drying is the quick, non-
destructive and reliable determination of  the average moisture content 
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of  a wood batch immediately before starting the kiln for the wood drying 
simulation program, as well as for checking the readings of  the screw 
sensors of  the kiln itself  when drying is started. A dielectric capacitance-
type sensor for the average moisture content of  wood developed during 
the project would be suitable for this task. Probably, the DECM reliability 
issues discussed in this PhD thesis will not be so acutely apparent before 
the drying is started, i.e. when making measurements at normal room 
temperature and humidity.

In summary, it can be said that the hypotheses raised in this thesis were 
confirmed. All the objectives set out in the thesis were fulfilled.
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SUMMARY IN ESTONIAN

PUIDU KUIVATUSE KONTROLLI JA OPTIMEERIMISE 
MEETODITE ARENDAMINE

Sissejuhatus

Puidu kuivatamise eesmärgiks on saada soovitud lõppniiskusega materjali. 
Protsessi käigus on vaja leida tasakaal puidu kvaliteedi, kulutatud energia 
ning aja vahel. Optimaalse lahenduse leidmiseks on oluline teada millises 
seisus on konkreetsel ajahetkel kuivatatav materjal. Laialdaselt kasutusel 
olevates kamber-tüüpi konvektiivkuivatites toimub puidu kuivatamine 
turbulentse kuivatusõhu vahendusel. Puidukuivatuse monitooringuks 
kasutatakse praktikas valdavalt elektrilist takistusmeetodit (Tronstad 
et al., 2001; Onysko et al., 2008; Björngrim et al., 2017; Bes-Bollmann 
2023), vähem mahtuvusmeetodit (Moschler 2004; Magill 2010; Lyons Jr. 
et al., 2004) ja impedantsi meetodit (Tiitta et al., 2010).

Uurimuse peamised hüpoteesid olid järgmised:

• Puidu niiskussisalduse mõõtevead on kompenseeritavad mõõtmiste 
arvu suurendamise või sobiva kalibreerimise funktsiooni valikuga (I, 
II).

• Mahtuvusmeetodil tekivad töökindluse probleemid puidukuivati 
kliima tingimustes (III).

• Kriitilise difusioonikonstandi ületamisel hakkab puidu pinnakihi 
kuivamisprotsess mõjutama ka puidu sisemisi kihte (IV).

Väitekirja eesmärgid olid järgmised:

• Kontrollida kas teoreetiliselt simuleeritud niisutusimpulsi reaktsioon 
ilmneb ka katses, tuginedes sünkroonselt pinna nihke-, temperatuuri-, 
ja  pinnaniiskuse andurile (IV).

• Töötada välja monitooringuks spetsiifilised andureid mis on 
kasutatavad puidukuivati kliimas (I, II, III).

• Töötada välja puidukuivatuse pingete maksimumi elektriline 
indikaator (IV).

• Täiustada patendikirjeldusele vastava niiskusmõõturi prototüübi 
riistvara (I, II).
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Sageli ei piisa tööstusliku puidukuivati standardvarustusest uue 
kuivatusplaani juurutamisel. Lisaks on vaja puidu kuivatamist 
simuleerivat tarkvara, mis annab esialgse kuivatusrežiimi, mida saab  
edasi optimeerida, kasutades käesolevas töös toodud metoodikaid ja 
andureid. Puidu kuivatuse simulatsiooni programmi TORKSIM võib 
pidada samuti üheks puidu kuivamise pingete kontrolli meetodiks.

Materjal ja metoodika

Nõuetekohaselt ette valmistatud puitmaterjalist katsekehad on vajalikud 
nii laboratoorsete kuivatuskatsete läbiviimiseks (IV) kui ka erineva 
tööpõhimõttega puidu niiskussisalduse andurite kalibreerimiseks (I–III).

(IV) Laboratoorse kuivatuse katsetes kasutati kolme samast materjalist 
lõigatud männi maltspuidu katsekeha paksusega 35 mm, laiusega 150 
mm ja pikkusega 100 mm puidu kiudude sihis. Esimesele katsekehale 
olid paigutatud joonisel kujutatud elektroodid.

(I–III) Erinevat tüüpi puidu niiskusmõõtjate kalibreerimise katsetes  
kasutati katsekehadena kaselauda ja lepalauda paksusega 35 mm, laiusega 
150 ja pikkusega 470 mm. 

Puidu niiskusmõõtjate kalibreerimise metoodika oli alljärgnev.

Kalibreerimise katsekeha keskmist niiskussisaldust (NS) varieeriti 
spetsiaalse kuivamisplaaniga kuivatamise meetodil. Ühemõõtmelise 
niiskusgradiendi saamiseks katsekehas radiaalsuunas oli niiskuslevi 
katsekehas pikikiudu hoolikalt tõkestatud. Igal katsekeha keskmise 
NS tasemel tehti 21–26 kordusmõõtmist mõõte-elektroodide erinevas 
juhuslikult valitud asukohas katsekehal. Mõõte-elektroodide naelutamise 
sügavus valiti vastavalt standardile (EN 13183-2) 1/3 materjali paksusest.

(IV) Puidukuivatuse protsessis puidu NS registreerimiseks kuivatatava 
laua pinnast erinevatel sügavustel kasutati individuaalselt kalibreeritud 
süsinikkiud nõel–elektroode. Süsinikkiud valiti elektroodide materjaliks 
korrosioonikindluse tõttu. 

Kalibreerimismudelite koostamiseks vajalik statistiline analüüs viidi läbi 
vastavalt metroloogia standardile (ISO/IEC GUIDE 98-3:2008(E), 
2008).
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Statistiline modelleerimine viidi läbi programmide R (R-project), MATLAB 
(MathWorks, Natic, MA) ja MS Excel (Kiviste, A., 1999) keskkonnas. 
Modelleerimise tulemuste hindamiseks kasutati Studenti teoreetilisel 
jaotusel (Sachs, 1982) põhinevat tolerantsi intervalli üksikmõõtmise 
jaoks ja selle põhjal defineeritud Rozema kriteeriumi. Lisaks kasutati 
modelleerimise tulemuste hindamiseks determinatsioonikordajat R2 ja 
olulisustõenäosust p<0.01. Regressioonmudelite jääkide normaaljaotuse 
hindamiseks kasutati visuaalseid meetodeid, nagu Q-Q plot ja histogram. 
Täpsemaks jääkide normaaljaotuse hindamiseks kasutati  Kolmogorov-
Smirnovi ja Shapiro Wilki mitteparameetrilisi teste.

Tulemused ja arutelu

Rozema (2010) kriteeriumid (I–III) on välja töötatud takistus-tüüpi puidu 
niiskusmõõtjate kalibreerimise mudeli headuse hindamiseks. Kriteeriumid 
on niiskusmõõtjate kalibreerimise eksperimendi tulemuste üldistamiseks, 
võrdlemiseks ja piiritlemiseks. Sisuliselt on tegemist kalibreerimismudeli 
tolerantsi intervalli (TI) laiusega üksikmõõtmise jaoks 95% 
usaldusnivool, teoreetilise Studenti jaotuse eeldusel. Rozema kriteerium 
(Rcr) sätestab, et üksikmõõtmise tolerantsi intervall ei tohiks olla laiem 
kui 3.5% NS. Rozema kriteerium sobib mitte ainult takistus-tüüpi puidu 
niiskusmõõtjate kalibreerimise mudelite hindamiseks, vaid ka erinevatel 
tööprintsiipidel (mahtuvus-tüüpi, polarisatsioon-tüüpi, impedants-tüüpi 
jne) töötavate puidu niiskusmõõtjate kalibreerimismudelite võrdlemiseks. 
Rozema kriteerium on küllaltki range. Üle kiu küllastuspunkti (above 
FSP) niiskussisaldustel on seda üksikmõõtmise jaoks küllalt keeruline 
täita. Erandiks osutus polarisatsioon-tüüpi puidu niiskusmõõtja, kus 
kriteeriumi üksikmõõtmise jaoks õnnestus täita suhteliselt piiratud NS 
vahemikus (Table 1. ). Sellepärast võeti Rozema kriteeriumi täitmiseks 
modelleerimisel appi valimi baasil mõõteseeriate moodustamine. 
Mõõteseeriatena kasutati 16 üksikmõõtmisest koostatud mõõteseeria 
aritmeetilisi keskmisi, kusjuures edasisel modelleerimisel käsitleti sel 
viisil moodustatud keskmisi üksikmõõtmistena. Sellist mudelit nimetati 
mitmeseks mudeliks (multiple model) perioodiga k=16 (Table 1. , Table 2). 

Rcr üksikmõõtmise jaoks täideti DECM alla kiu küllaspuspunkti 
niiskussisaldustel ja üle kiu küllastuspunkti niiskussisaldustel pol-tüüpi 
niiskusmõõtja f(R)+f(C) mudeli korral. Arvutuslik NS vahemik kus 
TI <3.5% NS piirkonnas täideti Rcr järgmiste fokuseerivate mudelite 
tüüpide jaoks:
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 A: R + C; R + f(C)

 B: R1n + R20n; f(R1 + R20)

 C: f(R) + f(C)

Mõõteseeriate jaoks perioodiga k=16 täideti Rcr dielektrilise 
mahtuvusmeetodi DECM ja elektrilise impedantsi meetodi EIS jaoks. 
Rcr täidetuse kontrollimiseks tuletati vastavad valemid sõltuvana puidu 
niiskussisaldusest.

Vahelduvvooluga töötavate DECM ja EIS töökindluse uurimisel selgitati 
välja kasuliku mahtuvuse vahemik alla ning üle kiu küllastuspunkti. 
Vastavalt saadi DECM kasuliku mahtuvuse piirkonnaks 0–30% NS 
jaoks 121–205 pikofaradit, ja 30–105% NS jaoks 205–231 pikofaradit. 
Jagades kasuliku mahtuvuse piirkonna vastava NS piirkonnaga saame 
DECM tundlikkuseks 2.8 pF/NS% alla FSP piirkonnas, ja 0.35 pF/
NS% üle FSP NS piirkonnas. Niisiis on erinevus tundlikkuses 8-kordne.  

Lisaks modifitseeriti patendikirjeldusele vastava polarisatsioon-tüüpi 
puidu niiskusmõõtja aparatuurseid võimalusi. Lisati galvanostaatilise 
laadumise režiim ja depolarisatsiooni pinge monitooringu võimalus (I–
II).

Puidu kuivatuse optimeerimise tulemused (IV).

Uuriti puidu pinnakihi üleminekut kuivatuse esimesest faasist teise 
kuivatuse faasi. Leiti, et pinnakihi (ca 2.5 mm sügavusel pinnast) üleminek 
teise kuivatuse faasi aeglustab difusiooni kiirust ka puidu sisekihtides, 
mis muidu oma NS-i poolest võiksid veel olla kuivatuse esimeses 
faasis. Pinnakihi difusiooni konstandi (DK) mõju iseloomustamiseks 
sisekihtidele defineeriti kriitilise difusiooni konstandi mõiste. 
Simulatsiooni programm TORKSIM kriitilise difusiooni konstandi 
olemasolu ei näidanud. Arvuliselt leiti puidu pinnakihi jaoks järgmised 
difusiooni konstandi väärtused.

Pärast arvutuste tegemist olid eksperimentaalse lokaalse difusiooni 
konstandi väärtused 2,5 mm sügavusel katsekeha pinnast järgmised: 
DK1.-faas = 27 * 10-4 mm2/s esimeses kuivatusfaasis ja DK2.-faas. = 
18 * 10-4 mm2/s teises kuivatusfaasis (Tamme, H. et al., 2021). Esimese 
kuivatusfaasi lõpus ja teise kuivatusfaasi alguses on simuleeritud DK(sim) 
väärtus peaaegu võrdne (s.o. 11.8 * 10-4 mm2 /s).
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Leiti ka kriitilisele difusioonikonstandile (27 * 10-4 mm2/s ) vastav 
kuivatusõhu kriitiline suhteline niiskus RH = 81%.

Kriitilise difusioonikonstandi arvesse võtmisega optimeeritud 
kuivatusplaani koostamisel õnnestus tüüpilise tööstusliku kuivatamise 
plaani  kuivatuse aega lühendada 140 tunnilt 92 tunnini, st 48 tunni 
ehk kahe ööpäeva võrra. Lõppniiskus oli optimeeritud režiimil 26% ja 
tööstuslikul režiimil 27%, ehk praktiliselt sama. Optimeeritud režiimi 
iseloomustasid mõnevõrra suuremad suhtelised pinged lubatud 0,33 
asemel (Salin, J.G., 2007; Sova et al., 2016), mis tasandati ajastatud 
niisutusimpulsiga.

Kokkuvõte

Käesolevas väitekirjas leiti männipuidu jaoks kriitilisele difusiooni 
konstandile vastav kriitilise kuivatusõhu suhtelise niiskuse väärtus. Seda 
infot on puiduettevõtetel lihtne kuivatusplaanide modifitseerimiseks 
kasutada.

Puidukuivatitele kontrollautomaatikat tootvatele tehnoloogiafirmadele 
võiks prototüüpimiseks soovitada selle doktoritöö raames välja 
töötatud  puidu pinna seisukorda monitoorivaid pinnaniiskuse ja pinna 
deformatsiooni andureid, samuti ka puidu keskmise niiskussisalduse 
dielektrilist mahtuvus-tüüpi andurit (DECM).

Kolmes Balti riigis on müüdud märkimisväärses koguses puidukuivatuse 
simulatsiooniprogrammide TORKSIM-i litsentse. See doktoritöö 
võimaldab TORKSIM kasutaval puiduettevõttel orienteeruda 
programmi keerukas matemaatilises mudelis, samuti saada praktilist 
tagasisidet programmi tugevustele ja nõrkustele. 

Põhimõtteliselt on puidukuivatuse monitooringu ühe meetodina välja 
töötatud uudne polarisatsioon-tüüpi puidu niiskusmõõtur rakendatav ka 
kasvavate puude niiskussisalduse monitooringuks (Yang et al., 2023).

Kokkuvõtvalt võib öelda, et selles väitekirjas püstitatud hüpoteesid 
leidsid kinnitust. Kõik väitekirjas  püstitatud eesmärgid täideti. 
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Abstract
Resistance-type wood moisture meters are not reliable at moisture contents above the fibre saturation point. The aim of this 
study was to develop an alternative polarization-type wood moisture meter and to analyse the different calibration methods of 
this moisture meter in comparison with the traditional resistance-type wood moisture meter calibration method. A significant 
decrease (up to 3.5% of moisture content) in the tolerance interval of a single measurement was attained by introducing and 
integrating the original electrical wood charging number into the calibration model of the novel wood moisture meter with 
electric polarization effect for a high wood moisture content (MC) above 100%. The tolerance interval convergence was 
analysed using the traditional method of increasing the number of measurements and averaging the results and was compared 
to the novel method of compensating for random deviations, as used in this study. To calibrate the wood moisture meter, 
the wood’s electrical resistance and electrical capacitance timelines during the electrical charging cycle were registered in 
real time (online) with a preselected measuring speed and saved to the microcomputer memory. When the measurements 
were completed, the measurement data was processed by the device’s microcomputer. This novel polarization-type moisture 
meter allows for the moisture content of specific tree species to be predicted by selecting a suitable calibration model from 
a set of eight. The novel wood moisture meter can be used to monitor wood drying and to determine seasonal variations in 
the moisture content of growing trees.

1 Introduction

Stamm (1927) presented the idea of determining wood 
moisture content on the basis of measuring wood electrical 
conductance. Since then, wood moisture meters operating 
on that principle have been industrially manufactured in 
series and are still widely used today. Well-known producers 
include Gann (2019), NdtJames (2020), Brookhuis (2009), 
BES Bollmann (2020), and others. Both the direct current 
(DC) method (Stamm 1927; Vermaas 2002; Tamme 2016) 
and alternating current (AC) method (James 1993; Zelinka 
et  al. 2007; Tiitta et  al. 1999) have been used to study 
wood electrical resistance. Zelinka et al. (2007) compared 
Stamm’s results for wood DC resistance to the alternating 
current method. Comprehensive research comparing the 

electrical resistance of wood using the DC and AC methods 
has also been carried out by Gao et al. (2018) and Berga 
et al. (2019). For the moisture content range below the wood 
fibre saturation point (FSP), the electrical resistance method 
may be considered a reliable method of measurement (For-
sén and Tarvainen 2000).

For moisture contents above the FSP, the electrical resist-
ance method is generally deemed to be unreliable (Edwards 
1974; ASTM D4444-08 2008; Vermaas 2002; Tamme et al. 
2014). For that moisture content range above FSP, wood 
electrical resistance becomes dependent on time, and depos-
its may appear on the measuring electrodes during long-
duration measurements (Skaar 1964). However, the appear-
ance of the deposits—or in other words, an absorption layer 
and hydrogen bubbles on the measuring electrodes—can be 
minimized by selecting optimal values of current density 
and voltage (Romann et al. 2014). Tamme et al. (2013) and 
Tamme (2016) described the polarization-depolarization 
(PD) method for determining wood electrical resistance. 
For moisture contents above the FSP this allows the wood 
electrical resistance and wood electrical capacitance to be 
established in moisture contents above FSP during a 20-s 
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polarization cycle followed immediately by a 20-s depolari-
zation cycle. The PD method has been the basis for develop-
ing and patenting a wood moisture meter with wood electric 
charging effect (so-called polarization-type wood moisture 
meter) (Tamme et al. 2020).

The main objective of this research was to develop the 
concept of a polarization-type moisture meter and a pro-
totype thereof using the PD method for determining wood 
moisture content above the FSP, and to formulate principles 
for calibrating such a moisture meter.

2  Materials and methods

2.1  Theoretical background

2.1.1  Dependence of wood electrical resistance and wood 
electrical capacitance on time

Tamme et al. (2013) discovered that wood electrical resist-
ance depends on time (t) logarithmically at wood moisture 
contents above the FSP, and wood electrical capacitance 
depends on time linearly:

where R(t) is resistance, C(t) is wood electrical capacitance, 
and the a, b, c and d constants are the location at which the 
specific moisture content of wood is measured.

In the doctoral thesis by Tamme (2016), it was demon-
strated that above the wood FSP, the time-dependent elec-
trical resistance R(t) or polarization resistance also depends 
significantly on moisture content. He found that the increase 
in the moisture content (MC) results in a greater relative 
gain of the polarization resistance. He also found that the 
electrical resistance of wood below the FSP is no longer 
time dependent, but rather depends on the MC according 
to the modified Stamm formula. Electrical resistance was 
found using the PD method, as a result of measuring the 
voltage polarized in wood and the polarization current. It 
was established that it is possible to improve the accuracy of 
prediction of wood moisture content when using both resist-
ance and capacity measurements (Sect. 3.4: Model types A, 
B, and C).

2.1.2  Statistical processing of measurement data on actual 
wood moisture content, wood electrical resistance 
and wood electrical capacitance

The statistical processing of experimental data is meth-
odologically based on a linear and non-linear regression 

(1)R(t) = a ⋅ ln (t) + b

(2)C(t) = c ⋅ t + d

analysis, which allows independent properties to be studied 
in association (Sachs 1982), and on retrieving measurement 
or calibration models (ISO 1993), as well as implementation 
models or calibration reference models. By using the cali-
bration function, the calibration model allows the value of 
MC to be calculated for any electrical resistance, electrical 
capacitance, or combination thereof. The reference model 
allows any measured average MC (for example, the dry 
mass method or gravimetric method) to be compared to the 
respective MC predicted with the calibration model. The ref-
erence model does not require the mathematical presentation 
of the calibration function. Essentially, the reference model 
is a calibration model validation test, done under repeat-
ability conditions (ISO/EIC 2008; Laaneots and Mathiesen 
2006).

In the case of Student t-distribution and linear regression 
for the single measurement, the upper and lower tolerance 
lines (confidence limits) of the regression line are presented 
in MS Excel at the 95% confidence level as follows (Kiviste 
1999):

where sb0 and sb1 are the standard errors of the regression 
line intercept and slope (Kiviste 1999).

To obtain the convergence of measuring deviations, non-
linear regression analysis was carried out for the focusing 
reference models (Sect. 3.4: Model types A, B, and C). The 
tolerance intervals, presented as linear functions, were calcu-
lated using formulae (3)–(6). For both methods the formulae 
used for calculating the tolerance intervals are presented in 
Table 1, column 3: “Equations for calculating single meas-
urement tolerance intervals (T. I.)”.

Calibration models and reference models can also be con-
structed using single measurements which are not exactly 
single measurements, but rather arithmetic average values of 
a given number (e.g., k = 4, 10, 16, etc.) of single measure-
ments (that is, they are a series of measurements) (Laaneots 
and Mathiesen 2006) that are viewed as single measurements 
when producing regression models. Such models could also 
be called multiple models.

2.2  Materials and calibration procedure of moisture 
meter with electrical polarization effect

The compilation of a regression model for the calibration 
of the wood moisture meter first requires that the actual 

(3)Intercept b0lower = b0 − TINV(�;n − 2) ∗ sb0

(4)Intercept b0upper = b0 + TINV(�;n − 2) ∗ sb0

(5)Slope b1lower = b1 − TINV(�;n − 2) ∗ sb1

(6)Slope b1upper = b1 + TINV(�;n − 2) ∗ sb1
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average MC be determined by successively weighing the 
specimen while it is drying at randomly selected moments 
of time and thereafter establishing the dry weight of the 
specimen according to ISO 3130:1975 (1975). The wood 
electrical resistance and wood electrical capacitance are 
measured almost simultaneously with the weight, at the 
same moisture content. The described procedure was 
repeated 63 times at a constant temperature of 50 degrees 
Celsius, but each time at a different average moisture con-
tent level of Alnus glutinosa wood, whereas the electri-
cal resistance and electrical capacitance were measured 
by inserting the electrodes in a new location in the wood 
specimen for each measurement. The selected specimen 
was a massive board with dimensions of 500 mm in length 
(along the fibres), 150 mm in width (perpendicular to the 
grain in the tangential direction), and 35 mm thick (in a 
radial direction perpendicular to the grain). The tangen-
tial distance between the corrosion-free pin electrodes was 
30 mm and remained the same throughout all the measure-
ments (Brookhuis 2009 instruction manual; Tamme et al. 
2011). The electrodes were inserted into the specimen at 
a depth of one-third of the board’s thickness (EDG 2010) 

(about 12 mm deep). The random spots of insertion of the 
two measuring electrodes, 30 mm apart on the test speci-
men, were generally called measuring points.

2.3  Technical background

Figure 1 presents the circuit diagram of the moisture meter 
with wood electrical polarization effect, whereas the func-
tional elements of the moisture meter are shown as a block 
diagram with arrows. The circuit diagram given in Fig. 1 
has no analogue power circuits or chains of noise signal ana-
logue filters. The advantage of the principle circuit shown in 
Fig. 1 lies in the simple calculation formulae (Keithley 2004) 
that apply at any moment of time in the case of a one-second 
measurement interval:

where Rx is wood electrical resistance in ohms, Uout is 
the output voltage of the electrometer in volts, R0 is the 

(7)Rx = Uout

R0

U0

Table 1  Relevant reference models (RM) with the statistical characteristics for above FSP wood moisture content

The independent x variable in all RMs is the actual wood moisture content, the dependent y variable in all RMs is the predicted wood moisture 
content
a The model focal point has been defined as the specific value of actual wood moisture content, when the calculated tolerance interval reaches the 
minimal value

Mod. No. 
Obs. No.
Fig. No.

Model type Equations for calculating single meas-
urement tolerance intervals (T. I.)

R2 p-value Focal point 
on MC%a

Calculated MC range where 
T. I. < 3.5% MC (acc. Rozema 
2010)

RM2
N = 63
Figure 9

R-mod yupper = 1.2075x − 4.888
ylower = 0.796x + 3.897

0.96  < 0.01 30  > 3.5%

RM3
N = 63
Figure 9

LogR yupper = 1.0071x + 7.6164
ylower = 0.8924x − 1.14

0.99  < 0.01 30  > 3.5%

RM4
N = 63
Figure 10

(R + C)
(Type A)

yupper = − 0.0015x2 + 1.14x + 4.01
ylower = 0.0052x2 + 0.2717x + 14.2

0.99  < 0.01 117 110–120

RM5
N = 63
Figure 11

R + f(C)
(Type A)

yupper = − 0.0009x2 + 1.12x + 1.07
ylower = 0.0033x2 + 0.407x + 13.8

0.98  < 0.01 151 142–151

RM6
N = 63

R1n +  R20n
(Type B)

yupper = − 0.0012x2 + 1.09x + 11.2
ylower = 0.0061x2 − 0.022x + 31.5

0.97  < 0.01 129 123–133

RM7
N = 63
Figure 12

f(R1 +  R20)
(Type B)

yupper = − 0.0042x2 + 1.549x − 5.47
ylower = 0.0072x2 − 0.1469x + 32.7

0.97  < 0.01 120 116–124

RM8
N = 18
k = 16
Figure 13

k*R
(Multiple model)

yupper = 0.998x + 1.3446
ylower = 0.9852x + 0.3413

0.99  < 0.01 30 30–151

RM9
N = 63
Figure 14

f(R) + f(C)
(Type C)

yupper = 1.03767x − 2.0483
ylower = 1.01872x − 3.5253

0.99  < 0.01 78 30–105
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resistance of the electrometer feedback resistor in ohms, U0 
is the stabilized support (or reference) voltage, 1.024 V.

The wood polarization current Ipol in amperes is cal-
culated using the following formula (Keithley 2004; Eco 
Chemie 2019a):

and wood electrical capacitance is calculated using the fol-
lowing formula (Eco Chemie 2019b):

where Cx is wood electrical capacitance in farads, and Q is 
wood electrical charge in coulombs.

The specific value of Q is determined at any given 
moment with a one-second interval by numerical integra-
tion of the polarization current Ipol which, in turn, is car-
ried out in real time with a microcomputer controlling 

(8)Ipol =
U0

Rx

(9)Cx =
Q

U0

the operation of the device. The method described above 
for determining electrical capacitance Cx generally cor-
responds to the current integrator method (Eco Chemie 
2019b).

3  Results and discussion

3.1  Linearity and noise study of moisture meter

Figure 2 shows a simple check on the output of the moisture 
meter using a reference resistor (not wood) to illustrate the 
linearity of response.

Figure 2 indicates the excellent linearity of the useful 
signal (solid line). The figure shows a signal-to-noise ratio 
(SNR) of about 1000, a positive result.

Fig. 1  Block scheme of the wood moisture meter prototype. 1,2—
measuring electrodes; 3—stabilised support voltage source 1.024 V; 
4—wood being measured for electrical resistance Rx; 5—analogue 

part of the wood moisture meter; 6—analogue noise filter block; 7—
analogue/digital converter; 8—microcomputer; 9—LCD display
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3.2  Wood electrical resistance and wood electrical 
capacitance in moisture contents above the FSP

Typical experimental time dependence of wood electrical 
resistance and wood electrical capacitance at 105% MC 
(above the FSP) fitted to formulae (1) and (2) are given in 
Figs. 3 and 4.

The figures indicate that electrical resistance and electri-
cal capacitance measured at the first second have the small-
est variance. The variation coefficient for R1n is 9.7% and 
for electrical resistance R20n measured at the 20th second, 
15.9%. The respective variation coefficients for the electri-
cal capacitance measured at the first second and at the 20th 

second are C1n = 10.4% and C20n = 14%. Consequently, it is 
more reasonable to choose experimental data with a smaller 
variation coefficient (Table 3, columns 9 and 13: “Var. coef. 
%”) as the source data for calibration regression models.

Figure  3 depicts typical wood electrical resistance 
dependence on time, R(t), with a 20-s measuring cycle, 
according to Formula (1). The measurements were carried 
out at 21 random locations in the wood, a single tree species, 
at one-third the thickness of the wood (EDG 2010). The 
species in this case was Alnus glutinosa (common alder), 
with an actual average moisture content of 105%, deter-
mined by the dry weighing method according to Standard 
ISO3130:1975 and at 50 °C. Maximum R(t) and minimum 
R(t) curves in the figure have been fitted to Formula (1).

Figure 4 depicts typical wood electrical capacitance 
dependence on time, C(t), with a 20-s measuring cycle, 
according to Formula (2). Measurements were taken at 21 
random locations in the wood, a single tree species, at one-
third the thickness of the wood (for the sake of clarity, the 
figure depicts only the graphs for the minimum, maximum, 
and four intermediate results of the dependence of capaci-
tance on time, not all the actually determined graphs). The 
species in this case was Alnus glutinosa (common alder), 
with an actual average moisture content of 105%, deter-
mined by the dry weighing method according to Standard 
ISO3130:1975 and at 50 °C. Maximum C(t) and minimum 
C(t) curves in the figure have been fitted to Formula (2).

In relation to the above, it is evident that the arithmetic 
averaging of 20 electrical resistances varying in time, which 
is common in practice (Scanntronik Mugrauer GmbH 2019), 
would not result in the minimum possible variation coef-
ficient being obtained.

Fig. 2  Input–output connection linearity test of the analogue part of 
the moisture meter prototype, with the useful signal (solid line) and 
noise signal standard deviation (dashed line). Number of measure-
ments N = 123

Fig. 3  Typical wood electrical resistance dependence on time for 
above FSP moisture content, 20-s monitoring period and 21 different 
locations of measuring electrodes. No of measurements N = 440
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Fig. 4  Typical wood electrical capacitance C dependence on time for 
above FSP moisture content, 20-s measuring cycle. No of measure-
ments N = 440
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3.3  Wood charging number

Figures 5 and 6 present linearized calibration models for 
electrical resistance and electrical capacitance. When com-
paring the figures, a particular mirror symmetry caught the 
authors` attention. This led to the idea of comparing the 
respective values of electrical resistance R and electrical 
capacitance C measured at each measuring point. It was 
found that R*C proved nearly constant for every actual 
moisture content value used in the calibration model, thus 
showing that the obtained empirical constant is independ-
ent of the wood moisture content. The consistency of R*C 
means that in any wood moisture content above the FSP, 
wood electrical resistance and electrical capacitance are in 
an inversely proportional and non-linear dependence. This 
empirical constant, thus found to be independent of the 
moisture content, was called the wood empirical charging 
number, or for short, the wood charging number:

where ChN is the charging number.

(10)RC = 1994.993 (kΩ ∗ �F) = 1.995 s = const = ChN

For a better graphical representation of the wood charg-
ing number and its association with Figs. 5, 6 and 7, for-
mula (10) can be given in a logarithmic form:

The value of the variation coefficient characterizing the 
dispersion of the empirical charging number is 0.597%. 
Comparing the charging number variation coefficient and the 
variation coefficients of electrical resistance R and electrical 
capacitance C (Table 3, columns 9 and 13), it can be con-
cluded that the variation coefficient of the charging number 
is considerably (about 16 times) smaller than for the electri-
cal variables (0.597% for R*C versus 9.85% for electrical 
resistance R and 9.47% for electrical capacitance C).

The definition of wood charging number was first pre-
sented in a patent application (Tamme et al. 2020). For this 
research, the definition of wood charging number is the basis 
for the authors` hypothesis:

Random deviations of electrical resistance R and electri-
cal capacitance C at a given measuring point are inversely 
proportional and may cause the tolerance interval conver-
gence predicted for a single measurement at high moisture 
levels of wood, if used with an appropriately selected cali-
bration function of two variables f (R, C).

3.4  Moisture meter modelling: calibration, 
reference and focusing models

As according to its definition, the wood charging number 
(Sect. 3.3) does not depend on wood moisture content, the 
multiplication of variables R*C is a prohibited combina-
tion of R and C in the sought calibration function of two 

(11)Log(R) + Log(C) = Log(ChN)

Fig. 5  LogR-type independent x-variable calibrating model (Table 2, 
CM3). Number of measurements N = 63
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Fig. 6  LogC-type independent x-variable calibrating model (Table 2, 
CM4). Number of measurements N = 63
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Fig. 7  Wood charging number graph according to Formula (11). 
Number of measurements N = 63
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variables. Probably the general form of the target calibration 
function is f(R + C) or f(R) + f(C).

As a result of actual modelling, some evidence was found 
to support the present hypothesis with the trial and error 
method (Sect. 3.3.):

(A) The sum of electrical variables R and C and the sum of 
R + f(C), where f(C) is a power function of C, cause the 
tolerance interval convergence phenomenon predicted 
for single measurements (Figs. 8, 9, 10, 11).

(B) The sum of electrical variables R1n and R20n and the 
power function f(R1n + R20n) also cause the tolerance 
interval convergence phenomenon predicted for single 
measurements (Fig. 12).

(C) The functions f(R), f(C), and f(R) + f(C) compensate for 
random deviations within the entire validity range of 
the calibration model; therefore, the tolerance interval 

Fig. 8  Calibration model for the independent x variable type R + f(C), 
where f(C) is the power function of wood capacitance C. The non-
linear function regression depicted was carried out with the program 
MATLAB™ platform with the curve fitting toolbox
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Fig. 9  Calculated single measurement tolerance intervals for tradi-
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converges within the entire measurement range with-
out the need to apply the method of averaging repeated 
measurements (compare Figs. 13, 14).

Model types A, B, and C above are known as focusing 
models. This name derives from the fact that the predicted 
tolerance interval for individual measurements is at its mini-
mum at certain actual MCs, called the “focus point of the 
model” (see Figs. 11, 12, 14). The wood moisture meter 
calibration function of model types A, B, and C is therefore 
a function of two variables: R1n and C1n (i.e., MC% = f(R1n, 
C1n)). For comparison, the traditional resistance-type mois-
ture meter calibration function is a function of one of the 
independent variables, R or LogR, (i.e., MC% = f(R) or 
MC% = f(LogR)).

The novel polarization-type wood moisture meter gives us 
the option to choose from several types of calibration models 
(Table 2): the traditional single-variable resistance model 
(MC% = f(R) or MC% = f(LogR)), the single-variable capaci-
tance model (MC% = f(LogC)), and the two-variables polari-
zation model (a total of five focusing models of types A, B, 
and C). Eight different calibration models can therefore be 
used to predict the moisture content of one specific wood 
species. If the electrical capacitance measurement data is 
not used, considering only the electrical resistance data and 
the calibration function MC% = f(LogR) or MC% = f(R), the 
polarization-type wood moisture meter will act as a conven-
tional resistance-type wood moisture meter. This allows the 
characteristics of the polarization-type wood moisture meter 
to be compared with those of the conventional resistance-
type wood moisture meter, based on identical test conditions 
for data measurement.

Source data for modelling and a few parameters of 
descriptive statistics are provided in Table 3.

Statistical parameters of different calibration models are 
provided in Table 2.

Statistical parameters of various reference models are 
provided in Table 1.

The dash-dotted line in Figs. 9, 10, 11, 12, 13 and 14 
depicts the predicted average moisture content of the 
specimen.

Figures 11 and 12 have fairly similar tolerance-interval 
behaviour, leading to the assumption that electrical capaci-
tance does occur in the independent variable (R1n + R20n), 
although in a hidden or, in mathematical terms, an implicit 
form. In practice, the use of the model (R1n + R20n) would 
save time, as the measuring of electrical capacitance is 
unnecessary and only electrical resistance would need to be 
recorded during the experiment.

3.5  Traditional measurement deviations averaging 
method versus measurement deviations 
compensation method

3.5.1  Convergence domain prediction models

Table 1 uses modelling to predict the range of wood mois-
ture convergence domains, where the Rozema quality crite-
rion (Rozema 2010) for the necessary measuring precision 
MC < 3.5% can be achieved with a minimum of one meas-
urement. The formation of such domains is related to how 
the random deviation compensation method works in the 
focusing models (see model types A, B, and C and Table 1, 
column 7, models RM 4, 5, 6, 7, and 9.)
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3.5.2  Multiple model versus focusing model f(R) + f(C)

Table 2 also shows the calibration model for the traditional 
resistance method (so-called multiple model, CM 8), where 
the arithmetic mean of a series of 16 electrical resistance 
repeat measurements was used as a single measurement. 
Comparing Figs. 13 and 14, it can be observed that the tol-
erance interval basically is equal to that of the traditional R 
model with multiple averaged series of 16 measurements 

(Fig. 13), so the real focal point f(R) + f(C) model can be 
achieved with only one measurement (Fig. 14).

A numerical example can be given to illustrate the com-
parison of Figs. 13 and 14. In Fig. 14, the real focal point 
of the tolerance interval is near the average moisture con-
tent of 78% MC, where the tolerance interval is minimal 
(i.e., less than 2.5%). For the other two points, the average 
moisture content was 105% and 34% and the tolerance 
interval less than 3.5%. In Fig. 13, the k = 16-fold R model 
for an average MC of 105% gives a tolerance interval of 

Table 2  Relevant calibration models (CM) of the moisture meter above FSP Alnus glutinosa wood moisture content with the statistical charac-
teristics

a Predicted tolerance interval at 105% actual MC
b Gann HT 85 T wood moisture-meters recalibration model (Tamme et al. 2014)
c CM9 calibrating function y = f(R) + f(C) specific format is y (predicted MC%) = 0.0044R2 − 1.458R + 0.0014C2  − 0.6834C + 269.32

Mod.No. 
Obs. No.
Fig No.

Model type Independent x-variable Calibration function R2 S. E. (RMSE) p-value Predicted 
T. I., 
MC%a

CM1b

N = 134
Gann(MC%) ~ 
Log(MC%)

Gann(MC%) y = 0.037 * x + 0.702 0.96 0.048  < 0.01 35

CM2
N = 63

R1n ~ 
MC(pred.)

R1n y = 1895.4x−0.78 0.98 6.04  < 0.01 35

CM3
N = 63
Figure 5

LogR1n ~ 
MC(pred.)

LogR1n y = − 110.7x + 280 0.97 (4.7)  < 0.01 20

CM4
N = 63
Figure 6

LogC1n ~ 
MC(pred.)

LogC1n y = 110.9x − 85.73 0.98 (4.68)  < 0.01 20

CM5
N = 63

(R1n +  C1n) ~ 
MC(pred.)
(Type A)

R1n +  C1n y = 74,724 *  x−1.483 0.99 3.31  < 0.01 7

CM6
N = 63
Figure 8

R1n +  aC3

 ~ MC(pred.)
(Type A)

R1n +  aC3 y = R +  aC3, a = 0.00005 0.98 (4.7)  < 0.01 8

CM7
N = 63

(R1n +  R20n)
 ~ MC(pred.)
(Type B)

R1n +  R20n y = 0.00058x2 − 0.4607x + 143 0.97 4.51  < 0.01 13.4

CM8
N = 18
k = 16

k * R ~ 
k * MC(pred.)
(Multiple model)

k * R y = 0.058x2 − 1.76x + 166.6 0.99 0.38  < 0.01 1.3

CM9c

N = 63
f(R) + f(C)
 ~ MC(pred.)
(Type C)

f(R) + f(C) y = f(R) + f(C) 0.99 1.1  < 0.01 3.4

Table 3  Results of the measurement of Alnus glutinosa wood for the moisture groups

Measured actual MC, % Measured electrical resistance, kΩ Measured electrical capacitance, µF

Moisture group
Obs. No.

Average
MC%

Range
MC%

St. dev Var. coef.% Ave-rage Range St. dev Var. coef.% Ave-rage Range St. dev Var. coef.%

1. n = 21 105.2 0.38 0.11 0.1 40 17.6 3.9 9.7 50 21.5 4.74 9.43
2. n = 21 77.34 1.04 0.28 0.36 64 24.3 6.3 9.85 31 11.3 2.96 9.47
3. n = 21 34.4 0.8 0.23 0.66 166 43.6 12 7.39 12 3.3 0.92 7.56
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2.5% MC, which also meets the Rozema quality criteria 
(Table 1, RM8).

3.5.3  Predicted differences between two types of moisture 
meters for the high MC range of growing trees

The differences between the predicted measurement preci-
sion of the two types of moisture meters (i.e., the resistance-
type and the polarization-type) are most remarkable at high 
MCs.

The following numerical example illustrates the differ-
ence. Let’s say that the aim is to measure the actual MC, 
151%. According to the formula in Table 1 (see RM2), a 
conventional resistance-type wood moisture meter gives 
a reading in the range of 125% MC to 175% MC, so the 
error could be up to 50% MC for a single measurement. The 
polarization-type wood moisture meter gives an estimated 
reading of between 149.25 and 152.75% using the non-linear 
calibration method (Table 2, CM6; Table 1, RM5). That is, 
the measurement error for a single measurement could be 
up to 3.5% MC. Thus, the precision of measurements for 
high MCs can differ up to a factor of 14 (depending on the 
calibration model used).

4  Conclusion

The novel polarization-type wood moisture meter described 
in this article allows for a total of eight different calibra-
tion models to be used to predict the MC of one variety 
of wood. For high MCs, such as in the wood of a growing 
tree (approximately 151% MC) or in raw wood (approxi-
mately 130–150% MC), the moisture meter with an electric 
polarization effect (polarization-type) can give the pre-set 
tolerance interval (1.5–3.5% MC), depending on the cali-
bration model used, even from a single measurement. This 
advantage is particularly relevant in determining the mois-
ture content of growing trees in situations where the possi-
bility to repeat measurements (on the same tree at different 
measuring points) is limited. The Rozema quality criteria 
across the whole measurement range above the FSP of the 
novel polarization-type moisture meter was achieved by 
using focusing model f(R) + f(C).
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Introduction

In drying wood, it is necessary to monitor 
the moisture content of the wood in order 
to control the drying process. It is partic-
ularly important to reliably determine the 
average moisture content (MC) of fresh-

ly sawn wood prior to commencing the 
wood-drying process in order to use a 
simulation program to assess the drying 
time, energy consumption, risk of cracks 
developing during the drying process and 
other changes in wood quality (Salin, 1990; 
Tamme, 2016).
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In practice, the direct current (DC) 
electric resistance method (Stamm, 1927; 
Tamme et al., 2012; Uwizeyimana et al., 
2020) for determining and monitoring 
wood moisture content is widely used, as 
it is an inexpensive and reliable method for 
use both at room temperature and in harsh 
kiln conditions (Gann, 2021; Scanntronik, 
2021; Brookhuis, 2021; BES Bollmann, 2021; 
etc.). However, the main disadvantage of 
the DC resistance method is that the MC 
readings obtained by this method are not 
reliable above FSP (ca. more than 30% MC) 
(ASTM D4444-08, 2008; Tamme, 2016). The 
alternating current (AC) resistance method 
has proven approximately 14% more accu-
rate than the DC method (Casans Berga et 
al., 2019). The EIS method has been used 
for determining wood MC gradient (Tiitta 
et al., 1999). The EIS method was used to 
monitor wood drying in combination with 
the acoustic emission (AE) method (Tiitta 
et al., 2010). Another widely utilized meth-
od for determining wood MC is the dielec-
tric capacitance method (DECM) (James et 
al., 1985). This high-frequency capacitance 
method has also been called the microwave 
method. Previous research (Moschler, 
2004) used the high-frequency (4–6 GHz) 
capacitance method to determine the aver-
age MC of wood in a kiln, leading to the 
development of a corresponding proto-
type calibrated into a moisture meter. In 
the case of the capacitance method, the 
prevailing geometry of the measuring ca-
pacitor (MEC) is a design with carefully 
electrically insulated flat parallel plates 
(Moschler, 2004; Tamme et al., 2019). The 
advantage of the various technical appli-
cations of plate capacitor geometry is the 
simple calculation formula for electric ca-
pacitance (Zuleta, 2005):

dAC /0  (1)

Where C is the capacitance of a parallel 
plate capacitor, A is the area of one plate 
in square meters, and d is the distance be-
tween the plates in meters. The constant 

ε0 is the permittivity of vacuum, and ε is 
the dielectric constant or relative dielectric 
permittivity. The dielectric constant ε de-
pends on the moisture content of the wood 
placed between the MEC plates. According 
to formula (1), the electric capacitance C is 
proportional to the dielectric constant ε, 
hence the specific name of the method for 
determining the moisture content of wood 
– the dielectric capacitance method. For 
comparison: absolute dry (oven-dry) wood 
ε = 4, and water ε = 80 (Welling, 2010).  

A flat ring capacitor for measuring 
wood MC below FSP (e.g., Brookhuis, 
(2020), FMW moisture indicator, 3.5 MHz 
operating frequency measured with an os-
cilloscope) and a flat slit capacitor (9.375 
GHz operating frequency) for measuring 
wood MC both below FSP and above FSP 
have also been used (Johansson et al., 2003). 

The objective of our research was to test 
the MEC prototype developed for the pa-
per in harsh conditions similar to those of a 
kiln in order to assess risks to the reliability 
of the MEC. The second objective was to 
use regression analysis to identify the pos-
sibilities of the DECM and EIS methods to 
establish the predetermined accuracy and 
to make a reliable determination of wood 
MC above FSP within the EIS operating 
frequency range of 1 Mz–10 Hz.

Material and Methods

The relationship between electric capaci-
tance, the wood impedance modulus and 
average moisture content above and below 
FSP (FSP is agreed at 30% wood moisture 
content) was explored using a clear birch 
board with a thickness of 35 mm, width of 
150 mm and length of 470 mm.

The moisture content of the birch wood 
specimen was varied by means of a spe-
cially developed laboratory drying sched-
ule (Tamme et al., 2013). The drying sched-
ule ensured that during the first drying 
phase (at constant speed), the drying curve 
decreased linearly and moisture gradients 
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in the specimen were minimal. 
The average MC of wood was deter-

mined by weighing the specimen at vari-
ous randomly selected times using a preci-
sion weight with a resolution of 0.1 g. After 
weighing the specimen at the same average 
MC, other necessary measurements were 
also carried out as quickly as possible, 
such as measurements of the wood electric 
capacitance and wood impedance. In the 
final stage of the tests, the dry weight of 
the specimen was determined by drying 
it at 103°C. The actual moisture content of 
the specimen (relative to its dry weight) at 
the moment of weighing was identified ac-
cording to ISO 3130:1975 (1975) standard.

An improved version of the parallel 
plate MEC was developed to determine 
the electric capacitance of wood at differ-
ent moisture levels above FSP, compared 
to that used in our previous paper (Tamme 
et al., 2019); its circuit diagram is shown 
in Figure 1(a) and the MEC with the mea-
sured specimen is shown in the photo-
graph in Figure 1(b). 

The cubic measure between the MEC 
plates was chosen at about 10% larger than 
the cubic measure of the specimen. This 
difference between the cubic measures en-
sured the necessary slack (tolerance zone) 
for the specimen when it was replaced be-
tween the plates after each weighing. The 
MEC allowed for the possibility of separate 
and combined heating of the insulators and 
plates in the form of a film of water vapor 
in the climate chamber to study condensa-
tion on MEC structural elements and to re-
move static electric charges of triboelectric 
origin (Tamme et al., 2019) in the system. 
Additionally, the developed parallel plate 
measuring capacitor prototype was tested 
in conditions similar to kiln climate in the 
FEUTRON climate chamber (Feutron Kli-
masimulation GmbH, 2021). The tests were 
conducted at a temperature of 50°C and at 
a maximum relative air humidity (RH) of 
98%. The purpose of the tests was to check 
the reliability of the measuring capacitor in 
the harsh kiln climate and to eliminate the 

Figure 1. (a) Circuit diagram of the measuring 
capacitor (MEC) and (b) photograph 
of the MEC prototype with the tested 
birch wood specimen. 1 – signal con-
nector, 2 – capacitor plate, 3 – wood 
specimen, 4 – capacitor insulator, FRA 
– frequency response analyser, 5 – tri-
boelectric charge collector, 6 – film 
insulator, 7– heating cable, 8 – heat 
insulator.

a

b

occurrence of water vapor saturation and 
condensation of humidity on the measur-
ing capacitor plates and insulators.

According to literature (Moschler, 
2004), the microwave measuring capacitor 
prototype with parallel plates was tested 
at room temperature and at temperatures 
of 40°C and 60°C. Moschler (2004) con-
tains no data on the relative humidity in 
the chamber during the tests, which is an 
important climate parameter. The mea-
surements of electric capacitance present-
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ed in this paper were carried out using the 
LCR55 (Wavetek Meterman, 2021) capac-
itance meter (CAM). The LCR55 capaci-
tance meter has an operating frequency of 
1,000 Hz as measured with an oscilloscope.

Wood impedance was measured us-
ing stainless steel insulated pin electrodes 
made by the company Gann (Gann 2021), 
which were nailed into the wood across the 
grain at a spacing of 30 mm (Brookhuis Mi-
cro-Electronics, 2009). The nails were driv-
en to a depth of 1/3 of the thickness of the 
wooden material (Welling, 2010), which is 
about 12 mm from the board surface for 
a 35 mm board thickness. After each im-
pedance measurement, the electrodes were 
nailed into the next randomly selected lo-
cation on the board and at the same depth 
from the surface of the board. The imped-
ance modulus of the measured AC com-
plex electric resistance was calculated on 
the basis of impedance spectrometry (EIS) 
measurement data using EIS standard for-
mulas (Krause, 2003; Tamme et al., 2019). 
Each time, the impedance modulus was 
determined when the EIS spectrum phase 
angle had a minimum (ca. 4 to 5 degrees) 
value. An AUTOLAB PGSTAT 408N im-
pedance analyser with NOVA 1.8 software 
was used (Metrohm Autolab, 2021). 

Interference with the reliability of the 
measuring capacitor in conditions simi-
lar to harsh kiln climate (that is, imitated 
in a laboratory climate chamber) was also 
recorded using impedance spectra and 
processed with the NOVA 1.8 software 
using the circle-fit analysis tool. To do so, 
frequency scanning between 1 MHz and 10 
Hz and the electric sine wave amplitude of 
50 mV were applied.

The possible effect of static electricity on 
the measurements taken by the measuring 
capacitor was first investigated indirectly 
using Keithley’s model 6517B with an elec-
trometer (Keithley, 2004) and then directly 
for potentials safe for the instrument (up 
to 0.9 V) using LCR55 (Tamme et al., 2019). 

Statistical processing of the test results 
was based on the principles of a metrolo-
gy standard ISO 3534-1:1993 (1993) and 
carried out with software R (R Core Team, 
2010), MS Excel and NOVA 1.8. In the case 
of Student t-distribution and linear regres-
sion for the single measurement, the up-
per and lower tolerance lines (confidence 
limits) of the regression line are presented 
in MS Excel at 95% confidence level as fol-
lows (Kiviste, 1999):

Intercept b0 lower = 
00 *)2;( bsnTINVb −− α (2)

Intercept b0 upper = 
00 *)2;( bsnTINVb −+ α (3)

Slope b1 lower = 11 *)2;( bsnTINVb −− α (4)

Slope b1 upper = 11 *)2;( bsnTINVb −+ α (5)

Where 0bs  and 1bs  are the standard er-
rors of the regression line intercept and 
slope (Kiviste, 1999). 

The following formulas were used to 
estimate the standard error (SE) and the 
average root-mean-square error (RMSE) of 
the regression model: 
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y = 0.0494x2 - 0.065x + 291.64
R² = 0.9995
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The dependence of 
MEC useful capaci-
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capacitance caused 
by water vapor con-
densation on MEC 
plates on the actual 
average moisture 
content of wood in 
the same coordi-
nate grid. The upper 
curve in the figure 
represents parasitic 
capacitance, and the 
lower, useful capaci-
tance.
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Where iy  = the estimated values and ŷ  = 
the actual values.

The non-parametric Kolmogorov- 
Smirnov test and the Shapiro-Wilk test 
(Tamme et al., 2014) were used in the R 
software environment to estimate the reli-
ability of the regression models.

Results and Discussion

Changes in electric parameters caused by 
water vapor condensation were measured 
using the LCR55 and the EIS method.
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The parasitic capacitance of condensation 
observed on MEC plates (indicated as  
Cparasite in Table 1) and the useful capaci-
tance are shown on the same axis in Fig-
ure 2, depending on the average moisture 
content of wood. The EIS method allowed 
the development dynamics of the conden-
sation process to be monitored (Figure 4, 
a) and b)) and the quantitative parameters 
for the electric capacitance Cparasite to be cal-
culated.

Figure 3 shows the relative time incre-
ments of the parasitic capacitance of con-
densation on the MEC plates at different 
wood average moisture levels recorded us-
ing the capacitance meter (CAM) LCR55. 
Both the EIS method and the LCR55 show 
a similar magnitude for the parasitic capac-
itance on the MEC plates (Cparasite = 660 pF 
and Cparasite = 800 pF, respectively). Based 
on Figure 3, it may be concluded that the 
higher the average MC of wood, the great-
er the value of parasitic capacitance due to 
water vapor condensation. Parasitic capac-
itance of approximately 5 times the useful 
capacitance may completely obscure the 
correct useful capacitance measurements 
under conditions favourable for water va-
por condensation.

Leakage effect of MEC insulators
The leakage effect of the insulators is char-
acterized by the occurrence of parallel re-
sistance of the condensed water film on the 
insulators in addition to parasitic capac-
itance, which shunts the resistance of the 
insulators. The MEC insulator resistance in 
normal operation is approximately 10 gi-
ga-ohms or greater. The circle-fit analysis 
found that in the initial phase of leakage, 
the parallel resistance of a leaking insula-
tor is Rp = 61 kOhm and its parasitic ca-
pacitance is Cs = 163 pF, whereas Rp = 0.78 
kOhm and Cs = 681 pF in the final phase of 
the leakage.

MEC static charge effect
Figure 5 shows the dynamics of electrostat-
ic charge formation when placing the birch 

Figure 4.  Impedance spectra of leakage of MEC 
insulators: (a) Start phase of the leak-
age and (b) End phase of developed 
leakage.

a

b

wood specimen between and removing it 
from the MEC plates. This procedure was 
repeated 15 times. A measurement interval 
of 0.1 seconds was used. In Figure 5, one 
maximum of impulse voltage generated 
by static charge corresponds to each cycle 
of placement and removal of the specimen 
between the MEC plates. Maximum values 
(or peaks) with negative potential were 
predominantly recorded. Because the po-
tential was measured from the electrostatic 
charge removal system (see Figure 1), the 
wood itself was oppositely charged; that 
is, predominantly positive. The potential 
of electrostatic charges generally decreas-
es when the movement of the specimen in 
relation to the MEC ceases. However, this 
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is not always the case, as Figure 5 shows 
an exceptional peak where the potential 
remains high (ca. 10 V) for a considerable 
time (ca. 30 seconds). The triboelectric po-
tential peak may exceed the CAM LCR55 
safe input voltage (up to 0.9V) by about 10 
times.

MEC temperature effect 
In previous research (Moschler, 2004), the 
electric capacitance of the measured wood 
was found to increase slightly with the 
increase in wood temperature. The same 
tendency was confirmed in our previous 
paper (Tamme et al., 2019). In this current 
study, the measured increase in electric ca-
pacitance of MEC with oven-dry wood was 
from room temperature of 23°C to 105°C: 
121 pF to 124 pF. Thus, the effect of tem-
perature on the electric capacitance of ov-
en-dry wood is negligible (only 3 pF) and 
may be disregarded in a rough approxima-
tion. The minor effect of temperature on 
the capacitance method is also highlighted 
in industry guidelines (Welling, 2010). On 
the basis of the above, it was concluded 

that due to its low temperature sensitivity, 
the DECM could be used in practice imme-
diately prior to the start of the wood-dry-
ing process by a non-destructive method 
to reliably determine the average moisture 
content of the wood batch for the wood 
drying simulation program.

In addition, an important trend that 
emerged during testing must be pointed 
out: namely, condensation effects that ob-
scure the useful capacitance of MEC pre-
dominate when the air RH in the climate 
chamber is higher than 60%, but electro-
static charges occur often on the MEC 
when the air RH in the climate chamber is 
lower than 60%. 

To summarize, the various physical 
characteristics and effects influencing the 
electric capacitance of the MEC are pre-
sented in Table 1. Based on the data in the 
bottom row of Table 1 (useful capacitance), 
it can be concluded that the DECM in the 
range below FSP (0–30% MC) is about 8 
times more sensitive per percent of MC 
compared to the range above FSP (30%–
105% MC).
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Useful capacitance of MEC and dielectric 
capacitance modelling
Useful capacitance is defined as the mea-
sured capacitance of MEC with wood, 
which excludes interfering effects, such as 
condensation on MEC plates, leakage of 
MEC insulators and the presence of static 
charges on MEC plates. Our previous pa-
per (Tamme et al., 2019) indicated that use-
ful capacitance also depends significantly 
on the selected CAM operating frequency, 
while being higher in the low frequency 
range. However, low frequencies proved 
more sensitive to the effect of water vapor 
condensation.

For useful capacitance only, it would be 
reasonable to establish a statistically reli-
able correlation (generally a linear regres-
sion model) between the actual (i.e., de-
termined by weighing) average moisture 
content of wood and the moisture content 
predicted by the capacitance method or, in 
other words, to statistically model the ca-
pacitance method. The methodology for 
modelling the EIS method does not differ 
from modelling the capacitance method.

Comparatively, the results of modelling 
the capacitance method and the EIS meth-
od are presented in Table 2 and Figures 6, 
7, 8, 9, 10, 11.

Formulas in Table 2 and Figure 11, 
which connect various methods, are pre-
sented according to the needs of the wood 
drying practice. The model RMSE or SE, 
the p-value and the coefficient of deter-
mination R2 mainly attract theoretical in-
terest. Wood drying practitioners are pri-
marily interested in two issues based on 
the modelling results: whether a single 
measurement fall on the 95% confidence 
level within the desired measurement 
precision range, and if not, how many re-
peated measurements are required in the 
series of measurements in order to achieve 
the desired prescribed precision. A series 
of measurements is defined as a certain 
number (k) of measurements repeated and 
arithmetically averaged at close moments 
in time under the same testing conditions 
(Brookhuis, 2020; Laaneots & Mathiesen, 
2006). The Rozema quality criterion was 
used to define the prescribed measurement 
accuracy, according to which the standard 
uncertainty of the wood moisture meter 
reading must be less than or equal to 3.5% 
MC (Rozema, 2010). The individual mea-
surement tolerance interval calculated 
on the Student t-distribution assumption 
based on formulas 2, 3, 4 and 5 should rep-
resent extended uncertainty in metrology 

Table 1.  The main physical reliability characteristics of the dielectric capacitance method (DECM) 
in kiln climate and the corresponding capacitance meter (CAM) response. 

Effect, parameter, figure no. Effect range CAM response

Condensation of water vapor on MEC 
plates, Fig. 2, 3

Cparasite = 340 to 845 pF
Cparasite = 681 pF,  
determined using EIS method

CAM reading recorded ca. 5x 
and moderately increasing**

Leakage of MEC insulators, Fig. 4 Cparasite = 163 to 681 pF
Rparallel = 61 to 0.778 kOhm Floating of CAM reading

Triboelectric charges on MEC plates,  
Fig. 5 Ustatic = -10.5 to 4.29 V Floating of CAM reading, 

CAM spoilage risk

Useful MEC capacitance,*  
below FSP (0.% to 30% )
Useful MEC capacitance,  
above FSP (30% to 105%)

Cuseful = 121 to 205 pF
MC = 0 % to 30% 
Cuseful = 205 to 231 pF
MC = 30% to 105%

CAM reading stable and 
reliable

* Useful MEC capacitance depends on the moisture content of wood and the thickness of the wood material according to the 
MEC, formula 1. Wood moisture content is related to the dielectric constant ε in formula 1.
** “Moderately increasing” means that it is possible to manually retrieve a CAM numerical reading, but it slowly increases as 
the water vapor condensation progresses (see Figure 3).
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Table 2.  Modelling results of the dielectric capacitance method (DECM) and electric impedance 
spectrometry (EIS) method. In regression models, the independent x-variable is the ac-
tual MC (%), and the dependent y-variable is the predicted MC (%). The predicted single 
measurement tolerance bands on the 95% confidence level, yupper and ylower, are calculated 
using formulas 2, 3, 4 and 5. The SE is calculated according to formula 6. The tolerance 
interval (TI) is calculated using the formula TI = yupper - ylower. N is the number of mea-
surements repeated under the same test conditions and k is the number of measurements 
averaged per series of measurements (i.e., the averaging period). For models with a series 
of measurements (k), the identification type shall be “multiple”.

N obs.,
k-period

Method type,
Fig. no.

Equations for predicting single 
measurement tolerance bands and TI

R2 p-value
and tests*

SE

N = 63 DECM
(above FSP), Fig. 6

yupper = 1.0131x + 5.9063
ylower = 0.9406x +0.8399
TI = 0.0728x +5.075

0.97 <0.01
K-S

4.88

N = 42 DECM
(below FSP), Fig. 7

yupper = 1.0135x + 0.2792
ylower = 0.9788x – 0.1954
TI = 0.0348x +0.4746

0.99 <0.01
K-S
S-W

0.61

N = 63
k = 16

DECM
(above FSP)
(multiple), Fig. 8

yupper = 1.006x + 0.44
ylower = 0.9929x – 0.4163
TI = 0.0124x + 0.8775

0.99 <0.01
K-S
S-W

0.46

N = 63 EIS
(above FSP), Fig. 9

yupper = 0.9448x + 11.196
ylower = 0.787x + 2.41
TI = 0.1622x + 8.135

0.87 <0.01
K-S

5.01

N = 63
k = 16

EIS
(above FSP)
(multiple), Fig. 10

yupper = 1.0134x +1.728
ylower = 0.968x – 0.84
TI = 0.0365x + 2.836

0.99 <0.01
K-S

0.867

* Kolmogorov-Smirnov (K-S) test and Shapiro-Wilk normality (S-W) test

Figure 6. DECM modelling at wood moisture levels above FSP.
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Figure 7. DECM modelling at wood moisture levels below FSP.
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Figure 8. DECM modelling at wood moisture levels above FSP, multiple (k = 16) model.
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y = 0.9913x + 0.4244
R² = 0.9968
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Figure 9. EIS modelling at wood moisture levels above FSP.

Figure 10. EIS modelling at wood moisture levels above FSP, multiple (k = 16) model.
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terms (Laaneots & Mathiesen, 2006). Thus, 
equating the Rozema 3.5% MC quality cri-
terion with the tolerance interval in this 
study actually makes the Rozema criterion 
somewhat more stringent. In Figure 11, the 
Rozema criterion is marked with a dashed 
line parallel to the x-axis.

In Moschler’s paper (2004) it was found 
that the actual MC point of 28.60% of the 
high frequency capacitance method (4.5 to 
6.0 GHz) is estimated to have a predicted 
expanded uncertainty of ±3.62%; thus, the 
corresponding tolerance interval for this 
point is 7.24% MC. In comparison, a toler-
ance interval of 7.26% MC calculated for 
the same actual MC point of 28.60% was 
found in this study for the low-frequency 
capacitance method (see Table 2, second 
row), using the relevant formulas. There-
fore, the consistency of repeated (repro-
duced) measurements in different labora-
tories and under different test conditions 
is surprisingly good. In another paper (Jo-
hansson et al., 2003), an RMSEE of 12.52% 
MC was found for the high-frequency 
(9.375 GHz) capacitance method for above 
FSP, and of 0.74% MC for below FSP. This 

study found SE values that were very close 
to the RMSEE, as is shown in Table 2 (see 
formulas 6 and 7): above FSP SE it was 
4.88% MC and below FSP SE it was 0.61% 
MC. Thus, below FSP the numerical data 
are comparable, but above the FSP range, 
the low-frequency capacitance method 
used in this study provides results that are 
twice as good as those achieved with the 
model residual error.

In our research, comparable experi-
ments for the dielectric capacitance and EIS 
method were conducted under the same 
test conditions and for the same tree spe-
cies (birch). In addition, 16 arithmetic av-
erages in a single series of measurements 
were modelled in the MC range above 
FSP. The compared results are presented 
in Figures 6, 7, 8, 9 and 10 and in Table 2. 
Figure 11 shows that there is a tendency 
for the tolerance interval (TI) of a single 
measurement to increase in proportion 
to the increase of the actual MC, though 
the increment is different for each model. 
The results of the modelling summarized 
in Figure 11 also show that in the actual 
MC range (30–150%), the Rozema quality 
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Figure 11. Comparison of the tolerance intervals (TI) predicted for single measurements of differ-
ent models (using formulas in Table 2) and with the Rozema quality criterion at wood 
moisture levels above FSP. Corresponding graphs of the predicted TI are given from top to 
bottom as follows: EIS, DECM, EIS multiple, Rozema quality criterion (dashed line, parallel 
to x-axis), and DECM multiple. 
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criterion cannot be met either by a single 
measurement performed with the capaci-
tance method or by a single measurement 
performed with the EIS method. Using a 
series of 16 measurements, only the capaci-
tance method can meet the Rozema quality 
criterion in the actual MC range above FSP 
(30–150%), whereas the EIS method fails to 
do so. However, according to Table 2 (row 
5), the SE of the EIS method is lower than 
the Rozema quality criterion (SE = 0.867). 
Consequently, by increasing the number 
of measurements (k) to more than 16, it is 
likely that the Rozema quality criterion can 
also be met in the case of the EIS method. 
The wood moisture meter with the recent-
ly patented electric charging effect (polar-
ization-type) may prove promising for use 
in the harsh climatic conditions of a kiln 
(Tamme et al., 2020). The patented polariza-
tion-type wood moisture meter has basi-
cally the same reliability as a conventional 
resistance-type moisture meter given how 
it is calibrated, but could meet the Rozema 
quality criterion with just one measure-
ment based on the modelling results (that 
is, without the series of 16 repeated mea-
surements) (Tamme et al., 2021).

The reliability of the regression models 
in Table 2 was verified by the Kolmogor-
ov-Smirnov and Shapiro-Wilk non-para-
metric test of regression residuals in the 
program R environment, in accordance 
with the methodology used in a previous 
paper (Tamme et al., 2014). All the mod-
els given in Table 2 passed the Kolmogor-
ov-Smirnov test (marked as “K-S” in the 
table). The DECM (below FSP) and the 
DECM (above FSP, multiple) passed the 
more stringent Shapiro-Wilk normality 
test (marked as “S-W” in Table 2).

Conclusions

The DECM was found to be less reliable 
than the EIS method for use in harsh kiln 
climate. The dielectric capacitance method 
will require more development in the fu-

ture so that it can be reliably (i.e., without 
the risk of parasitic capacitance and stat-
ic charges) used in harsh kiln conditions. 
However, testing of the DECM and the 
EIS method under the same test conditions 
and comparing the modelled test results 
according to the Rozema quality criteri-
on showed that the dielectric capacitance 
method exhibits higher accuracy in the MC 
range above FSP. The DECM of low sensi-
tivity to temperature may prove promising 
in practice, if the purpose is to quickly and 
reliably determine prior to the start of the 
drying process the average moisture con-
tent of a wood batch for the wood drying 
simulation program using a non-destruc-
tive method.
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Puidu niiskussisalduse määramise kahe vahelduvvoolu 
meetodi katsetamine puidukuivati tingimustes

Hannes Tamme, Regino Kask, Peeter Muiste ja Valdek Tamme

Kokkuvõte

Selles artiklis uuriti kahte erinevat vaheld-
uvvoolu meetodit puidu niiskussisalduse 
määramiseks. Dielektrilise mahtuvus-
meetodi (lühidalt mahtuvusmeetod) kor-
ral asetatakse puit, mille niiskussisaldust 
määratakse, omavahel, ja ühtlasi uuri-
tavast puidust elektriliselt isoleeritud 
metallplaatide vahele. Moodustub nn. 
mõõtekondensaator, milles puit täidab 
dielektriku rolli. Plaatide vahelise elek-
trimahtuvuse mõõtmiseks rakendatakse 
plaatidele vahelduvpinge. Puidu niiskus-
sisaldus muudab dielektriku (antud juhul 
puidu) elektrilisi omadusi, ning seetõttu 
muutub ka mõõtekondensaatori elektri-
mahtuvus, mis mõõdetakse ja seostatakse 
mõõtemudelis ehk kalibreerimismudelis 
puidu niiskussisaldusega. Teise vaheld-
uvvoolu meetodi, elektrilise impedantsi 
spektromeetria meetodi korral antakse 
vahelduvpinge otseselt puitu sisestatud 
roostevabast terasest või süsinikkiust 
nõelelektroodidele, ja mõõdetakse puidu 
elektrilist kogutakistust (impedantsi), see-
järel koostatakse vastav mõõtemudel pui-
du niiskussisalduse määramiseks.

Elektrilise impedantsi spektromeetria 
ja mahtuvusmeetodi kasutamise võima-
lusi on üheaegselt üle kiu küllastuspunkti 

puidu niiskussisaldustel ja puidukuivati 
karmides kliimatingimustes suhteliselt 
vähe uuritud. Selle uurimuse raames tehti 
mahtuvusmeetodi kalibreerimiseks kasu-
tatud mõõtekondensaatori prototüübi töö-
kindluse katsetused puidukuivati karmi 
sisekliima (50oC ja 98% RH) tingimustes. 
Uuriti veeauru kondenseerumist mõõte-
kondensaatori plaatidel, plaatide isolaa-
torite lekkimist ja staatiliste elektrilaengute 
tekkimist plaatidel. Mõõtekondensaatori 
töökindlust häirivate efektide jaoks leiti 
iga efekti poolt esile kutsutud parasiit-
mahtuvustele kvantitatiivsed vahemikud. 
Leiti, et mahtuvusmeetod on puidukuivati 
karmides kliimatingimustes kasutamiseks 
vähem töökindel kui elektrilise impedan-
tsi meetod. Samuti modelleeriti võrdlevalt 
samades katsetingimustes ja sama puuliigi 
(kask) korral mahtuvusmeetodi ja elektril-
ise impedantsimeetodi võimalusi etteantud 
Rozema kvaliteedikriteeriumiga ±1.75% 
kasepuidu niiskussisalduse ennustamiseks 
üle puidu kiu küllastuspunkti niiskussisal-
dustel. Samades katsetingimustes osutus 
kasepuidu niiskussisalduse ennustamisel 
üle kiu küllastuspunkti puidu niiskussisal-
duste piirkonnas mahtuvusmeetod täpse-
maks kui elektrilise impedantsi meetod. 
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Introduction

In order to add value to wood as a renew-
able resource, the process of convective dry-
ing for sawn timber is one of the key steps 
in the further use of wood in the construc-
tion trade and in the furniture industry, as 
well as in the production of thermowood 
(Kask et al., 2021). The purpose behind the 
wood drying process is to reduce the aver-

age moisture content in the wood (with a 
final moisture content level of up to 7–12% 
MC). The accompanying goal is to disinfect 
the wood material at temperatures between 
50–70°C, without causing discoloration 
(Tamme et al., 2021). The main measurable 
quantity to have been monitored in the in-
dustrial wood drying process is the wood 
average moisture content (MC), the chang-
ing over time of which provides what is 
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Abstract. This article demonstrates that it is possible to optimize the drying process for pine 
wood in two independent ways. Those ways involve either the use of the critical diffusion 
coefficient (DC) which is determined by the experiment shown below, and/or the drying air 
moistening impulse in the second drying phase. When processing data which has been gained 
from the pine wood drying experiment, both coincidences and differences were found when 
compared to the results from a simulation of the drying process which was carried out using 
the same drying schedule. There is a relatively good level of agreement between the drying 
experiment and the simulation results of TORKSIM v5.11 simulation program in the case of 
the simulated and experimentally determined drying curves. The magnitude of numerical 
values for the DC agrees with this finding, as do the wood’s moisture profile in the final phase 
of the drying experiment at 142 hours, the simulated and measured wood surface tempera-
tures from the beginning of drying to a point at 60 hours into the process, and the simulated 
wood stresses when compared with the maximum values for the electrical surface-core ratio 
(ESCR) graph, as determined by the experiment. It was found that the DC’s numerical value 
decreases sharply by about 1.5 times after transitioning from the first drying phase to the 
second drying phase.
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known as the wood drying curve (Tamme 
et al., 2011; Tronstad et al., 2001; Tamme, 
2016; Mändoja, 2015; Poljakov, 2013). The 
validity of the stress readings, which have 
been found in the industrial drying simula-
tion, has also been checked by means of a 
case-hardening test (Mändoja, 2015; Polja-
kov, 2013). Unfortunately, it is not possible 
to decide on the basis of the drying curve 
and the case-hardening test alone whether 
or not the wood drying process is optimal 
in terms of the desired quality and energy 
consumption levels. In fact, the standard 
equipment being used for wood dryers (in 
the form of kilns) does not include specific 
surface MC and deformation sensors, both 
of which are important when it comes to 
solving the optimization task, but which 
would also be unlikely to withstand the 
extreme climatic conditions which prevail 
inside the drying chamber. An attempt has 
also been made to resolve the problem of 
optimizing the wood drying process with 
the help of the wood drying simulation pro-
gram, TORKSIM (Salin, 1990; Salin, 2007). 
The TORKSIM program provides an upper 
limit when it comes to the allowable tensile 
stresses, which should not exceed one third 
(0.33) of the maximum stress point which 
will produce a rupture in the tangential 
direction of the wood fibre. This program 
has been selected as the main criterion for 
optimizing the drying process (Salin, 2007). 
The commercial process optimization pro-
gram, StatEase Design-Expert, includes 
what is known as the desirability function 
as an optimization criterion. The wood dry-
ing simulation program, TORKSIM v5.11, 
and the optimization program, StatEase 
Design Expert (DE) v9 and v11, were both 
used to resolve the problem of optimizing 
wood drying times in Sova et al. (2016), and 
in Tamme et al. (2021). DE requires for its 
drying tensions the use of time-constant 
drying modes as an input for the optimi-
zation process, which unfortunately causes 
drying stresses which are higher than 0.33 
for material which is thicker than 20 mm, 
thereby creating a substantial contradiction 

between the TORKSIM and DE optimiza-
tion criteria (Tamme et al., 2021). 

The aim of this paper is to investigate 
the possibilities involved in the process of 
being able to optimize drying stresses and 
drying time during the convective drying 
of wood, by experimentally determining 
the optimum water vapour diffusion co-
efficients in the drying process and using 
a timed moistening impulse. To this end, 
novel sensors were developed for wood 
surface moisture content and wood surface 
deformation, and these were calibrated for 
use in the harsh climatic conditions of a 
wood kiln.

Material and Methods

Theoretical background
The local diffusion coefficient can be exper-
imentally determined according to Fick’s 
first law (Fick, 1855; Crank, 1956; Salin, 
1990; Tamme, 2016):

x
uDF
∂
∂

−= (1)

where F – mass flux, (kg/m2s); D – diffu-
sion coefficient, (m2/s); u – mass concen-
tration, (kg/m3); x – coordinate, (m).

During the convective drying of wood, 
heat is transferred from the surrounding 
air through the surface to the interior of 
the wood and, at the expense of the heat 
energy being transferred to it, the moisture 
evaporates from the wood, i.e., the wood 
is dried. The main equations for describ-
ing the heat flow of dry air which is trans-
ferred to wood and the heat flow of moist 
air which leaves the wood are as follows 
(Salin, 1990):

Ø1 = αS(T0 – T) (2)

Ø2 = ßcp S(T0 – T) (3)

where Ø1 and Ø2 – heat flow (W); α – heat 
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transfer coefficient (W/m2 oC); ß – mass 
transfer coefficient (m2/s); cp – the specific 
heat of humid air in equilibrium with the 
wood’s surface (J/oC m3); S – the surface 
area of the specimen (m2); T0 – surround-
ing air temperature (oC); T – wood surface 
temperature (oC). 

Materials and cross-sections of wood 
specimens used in the study
As part of the laboratory drying experi-
ment, three pine sapwood specimens were 
used which had been cut from the same 
board with a cross-section of 35 mm (thick-
ness) x 150 mm (width) and a length of 100 
mm along the wood fibres. Sensors were 
attached to specimen a) to monitor the 
drying process; and with specimen b) be-
ing the reference specimen for determining 
the drying curve by weighing; while speci-
men c) was used to determine the moisture 
content of the wood at different depths by 
the slicing method (Tremblay et al., 2000; 
Tamme et al., 2021).

Description of the methodology used in 
the investigation
For a wood drying optimization system, 
it is first necessary to develop reliable and 
accurate sensors to be able to record the av-
erage moisture, local moisture, and surface 
moisture levels in the wood, as well as in-
cluding a sensor to record the deformation 
of the wood’s surface. These sensors must 
simultaneously withstand temperatures of 
50–80°C and high relative humidity levels 
of 95–100% RH which are characteristic of 
a convective kiln (Tamme et al., 2021). In 
addition to the laboratory drying experi-
ment, it is necessary to carry out various 
simulations using the commercial pro-
gram, TORKSIM v5.11 for the optimization 
process. As there are no specified sensors 
in the standard equipment of any industri-
al wood dryers as supplied which would 
allow any optimization, it makes sense 
under laboratory conditions to optimize a 
specific drying recipe (i.e., create a drying 
plan) which is to be used in an industrial 

dryer, and then to incorporate the labora-
tory-optimized method into standard in-
dustry practices once it has been proved to 
be the right choice.

The methodology for the experiment 
is described in more detail, together with 
photos, in the final report for the EIC con-
tract No 16200 (Tamme et al., 2021). The 
basic scheme for the experiment is shown 
in Figure 1(a) and Figure 1(b) in the pho-
tograph.

 

a) 

 

b)  

Figure 1 

  

Figure 1. (a) Schematic diagram of the drying 
experiment and some insight into the 
Feutron working space of the climat-
ic chamber (Feutron Klimasimulation 
GmbH, 2021).

 

a) 

 

b)  

Figure 1 

  

Figure 1. (b) Three specimens were used in the 
experiment being shown here. Sen-
sors were attached to specimen a) to 
monitor the drying process; specimen 
b) was a reference specimen which 
was being used to determine the dry-
ing curve by means of weighing; and 
specimen c) was used to determine 
the moisture content of the wood at 
different depths by means of slicing. 
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For monitoring the drying process, the 
9-channel data logger Almemo 2890-
9 manufactured by Ahlborn (Ahlborn, 
2021) as well as the 8-channel data loggers 
Thermofox and Gigamodule produced 
by Scanntronik (Scanntronik, 2021) were 
used. Drying simulation was done with 
the program TORKSIM v5.11. For enter-
ing the simulation results and experiment 
log files in the data processing aggregate 
table, the so-called robot laboratory assis-
tant was used to reduce manual process-
es and avoid human error in data entry 
(Tamme, 2013; Romann et al., 2014). For 
data processing and figure formatting, the 
spreadsheet program Excel and freeware 
program MatPlotLib v. 3.4.3. were applied.

Results and Discussion

The calibration of electrical resistance sen-
sors for wood MC detection sensors

When calibrating electrical resistance 
sensors for wood MC monitoring sensors, 
a cross-section linear calibration function 
was used, an example of which is shown 
in Figure 2 at depth levels of 1 mm and 4 

mm below the wood’s surface. The points 
A, B, C, and D which are shown in Figure 
2 are known as calibration points with cor-
responding coordinates (x = 10LogR; y = 
MC%). For sections AB, BC, and CD, the 
calibration function was presented in a 
generalised form (Tamme et al., 2021):

12

1

12

1

xx
xx

yy
yy

−
−

=
−
−

(4)

From Formula (4), one calibration 
function was derived for each section at a 
particular depth level. Corresponding cal-
ibration functions are shown in Table 1. To 
calibrate the electrodes being used in the 
experiment at depths of 1 mm, 4 mm, 8 
mm, 12 mm, and 18 mm into the wood’s 
MC sensors, three calibration functions 
are required for each depth level, so that 
a total of fifteen calibration functions were 
derived in order to be able to monitor the 
wood’s MC through five depth electrodes. 
Six of them are presented in Table 1. The 
feasibility of using the cross-section linear 
calibration function was proven by means 
of modelling for two papers (Tamme et al., 
2014; Tamme, 2016).

Figure 2. A cross-section linear calibration function for the calibration of resistance-type sensors 
into the wood’s MC sensors. Points A, B, C and D are the endpoints of the line segment.



163

155

Optimizing the pine wood drying process using a critical diffusion coefficient and a timed moistening impulse

Table 1.  Calibration functions were derived from Formula (4) for electrical resistance sensors at 
depths of 1 mm and 4 mm from the surface of the wood in sections AB, BC, and CD.

Depth (mm) AB BC CD

1 mm y = -30.277x+1584.9 y = -0.6058x+56.458 y = -0.3867x+42.873
4 mm y = -32.895x+1691.4 y = -0.7255x+73.292 y = -1.1495+98.947

A determination of the optimal diffusion 
coefficient, experimentally and through 
simulations

In the laboratory drying experiment 
and the drying simulation, an industrial 
drying schedule was used for pine wood 
specifically, which is presented in Table 2.

Table 2.  Industrial 35 mm pine wood drying 
schedule used in the experiment and 
the simulation section.

Time (h) Air temp. (oC) Air RH (%)

0 20 93

1 47 93

12 47 93

36 50 90

60 52 85

84 52 80

108 52 69

132 52 59

156 52 49

180 52 39

204 52 39

The diffusion coefficient was deter-
mined from Fick’s first law according to 
Formula (1) (Tamme et al., 2011). Fick’s 
first law, in the form of a partial derivative 
differential equation Formula (1), is not 
directly suitable for processing experimen-
tal data or the simulation data. Firstly, in 
Formula (1) the partial derivatives must be 
adjusted for finite increments in order to 
process the experimental and simulation 
data. Secondly, the experiment and simu-
lation data are dimensionless with relative 
units (MC %). In order for the diffusion 
coefficient (DC) which is found in finite 

increments to acquire the correct dimen-
sions (m2/s), a constant which contains the 
dimensions of the units of measurement 
must be introduced into the formula for 
practical use. Thirdly, both the experimen-
tal data and the simulation data contain 
random errors, which must be carefully 
filtered out prior to calculating the DC. In 
principle, the diffusion coefficient DC can 
be given according to Formula (1) as the 
ratio of the mass flux to the gradient:

Gradient
MassfluxD −= (5)

St
m

MCMassflux dry


 %)(  (6)

x
MCGradient

drywood




,
%)(


 (7)

where D – diffusion coefficient (DC) 
(m2/s); ∆(MC%) – the finite increment of 
the wood’s MC% on the time axis for the 
mass flux and in the material thickness 
(x-axis) for the gradient (MC%); mdry – the 
wood’s dry mass (kg); S – the specimen’s 
surface area (m2); ∆t – the time increment 
(s); ρwood, dry – the wood’s dry density (kg/
m3); ∆x – the x coordinate’s increment (m).

After filtering out the random errors, 
the DC calculation is presented schemati-
cally using the four-point method shown 
in Figure 3. The coordinates of the points 
which have been marked with the ‘dia-
mond’ marker in Figure 3 are presented 
in Table 3. The principle of the four-point 
method is that, initially, two mass flux val-
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ues were obtained at depths of 1 mm and 4 
mm, from which the arithmetic mean mass 
flux was obtained following averaging. 
Two gradients were also obtained at two 
different time points, which were then ar-
ithmetically averaged. Finally, the average 
DC at the average depth, i.e., (1 + 4) / 2 = 
2.5 mm deep from the wood’s surface, was 
calculated according to Formula (5).

After carrying out these calculations, 
the values of the experimental DC were 
following:  DC1ph. = 27* 10-4 mm2/s in the 
first drying phase and DC2ph. = 18* 10-4 
mm2/s in the second drying phase (Tamme 
et al., 2021). At the end of the first drying 
phase and at the beginning of the second 
drying phase, the simulated DC has an al-
most equal value (i.e., 11.8 * 10-4 mm2 /s).

As the drying process passes from the 
first drying phase to the second drying 
phase, a sharp decrease in the numerical 
value of DC occurs at 94 hours. From Figure 
3 it can be concluded that there is a sharp 
decrease in mass flux in the second drying 

phase when compared with the first drying 
phase. The gradient is approximately con-
stant in the first drying phase, and there is 
a minimal decrease in the average gradient 
in the second drying phase. Consequent-
ly, the sharp decrease in DC is due to the 
sharp decrease in mass flux in the second 
drying phase. Consequently, in order to 
optimize the drying process, the first dry-
ing phase should remain within the region 
of the maximum mass flux for as long as 
possible. This fact should be taken into ac-
count when optimizing the drying sched-
ule. The maximum value of the diffusion 
coefficient immediately before entering 
into the second drying phase was named 
the critical diffusion coefficient. Mass flux, 
gradient, and critical DC are values which 
are difficult to determine under industrial 
wood drying conditions. Therefore, based 
on the separating line of the first and sec-
ond drying phase, it makes more sense to 
determine the critical relative humidity 
(RH) of the drying air on the basis of the 

Figure 3.  A schematic for calculating the diffusion coefficients in the first and second drying phases, 
using the four-point method based on experimental data.
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laboratory test, below which the drying 
process enters the second drying phase. 
Monitoring the critical RH value is not a 
problem in industrial conditions, as wood 
dryers are usually standard-equipped with 
a corresponding sensor and a logging op-
tion. The determination of critical RH is 
shown schematically in Figure 4.

Options involved in terms of 
distinguishing between the first and 
second drying phases on the basis of 
sensor readings and log files
The ability to be able to determine the 
critical RH on the basis of sensor readings 
alone would be of great practical value un-
der industrial conditions, as the somewhat 
complex procedure for calibrating the sen-
sors and the equally complex procedure 
for determining the critical DC would both 
be eliminated.

The distinction between the first and 
second drying phase based on the log file 
of an electrical resistance sensor (i.e., be-
fore calibrating into a sensor for the wood’s 
MC) is illustrated in Figure 5. Figure 5 

shows that, at 1 mm and 4 mm, electrical 
resistance starts to increase systematically 
from 94 hours (i.e., at the transition point 
to the second drying phase), when com-
pared to the linear trend line for the aver-
age electrical resistance in the first drying 
phase. 

The distinction between the first and the 
second drying phases is illustrated in Fig-
ure 6, based on the log files of three sets of 
temperature sensors and the displacement 
sensor. It can be seen from Figure 6 that, at 
the beginning of the second drying phase, 
the thermocouple readings from the wood’s 
surface and from the centre part begin to di-
verge. At the same time, the readings from 
the displacement sensor, which registers 
the shrinkage of the wood surface, begin to 
decrease. Both changes in the sensor read-
ings start at 94 hours of drying. Therefore, 
the first and second drying phase can ex-
perimentally be distinguished in four inde-
pendent ways: according to (a) uncalibrated 
and (b) calibrated electrical resistance sen-
sors, (c) a displacement sensor, and (d) log 
files of three temperature sensors.

Figure 4.  Identification of the critical RH of the drying air according to the separating line of the 
first and second drying phase.
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Figure 5 
  

Figure 5.  The response for uncalibrated electrical resistance sensors (at depths of 1 mm and 4 mm) 
upon transition from the first drying phase to the second drying phase.

 

 
 
 

 
Figure 6 
 

  

Figure 6.  A distinction between the first and the second drying phases based on the log files of three 
Ahlborn thermocouples and an Ahlborn displacement sensor.

Sensor responses to a short-term increase 
in the RH of the drying air, i.e., the so-
called moistening impulse

A short three-hour moistening impulse 
was generated during the experiment, in 
the second phase of drying, starting at 116 
hours, in order to verify the response of, 
and delay inherent in the sensors. From the 
initial level of RH = 65.1% at 116 hours, the 
relative humidity RH of the climate cham-

ber air was increased to 95% by opening 
the valve with a manually operated hu-
midifier, and was maintained at this level 
for three hours. The humidifier valve was 
then closed, and the climate chamber’s au-
tomation quickly restored the RH value of 
the air in the chamber as prescribed by the 
drying program. The effect of the moist-
ening impulse on the electrical resistance 
sensors is shown in an enlarged format 
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in Figure 7. The real effect of the moisten-
ing impulse on the displacement sensor 
is shown in Figure 6. Figure 6 shows that 
the moistening impulse essentially has no 
effect on the temperature sensors (thermo-
couples).

The expansion of the wood’s surface 
layer which was identified in Figure 6 
counteracts the tensile stresses in the sur-
face layer which are caused by drying. 
Consequently, a precisely timed moisten-
ing impulse based on a simulation could in 
practice be used to alleviate the maximum 
tensile stresses to a safe limit (0.33) in the 

surface layer, thereby reducing the risk 
of drying cracks appearing due to tensile 
stresses.

The results from optimizing the 
industrial pine wood drying schedule

The industrial drying schedule (see 
Table 2) shows that the drying schedule 
satisfies the main optimization conditions 
which were set in the TORKSIM program, 
i.e., the maximum relative tensile stresses 
in the surface layer are less than the max-
imum allowable value of 0.33 (Salin 2007; 
Tamme et al., 2021). Whether the industrial 

Figure 7. Effect of moistening impulse on the electrical resistance sensors.

Figure 8. A comparison of drying curves under simulation and during experimentation as deter-
mined on the basis of the industrial drying schedule.
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drying schedule being used in the experi-
ment is also the optimum one in terms of 
drying time is something which still needs 
to be confirmed. To this end a new dry-
ing schedule was drawn up, based on the 
definitions of critical DC and its associat-
ed critical RH. A corresponding optimized 
drying schedule (Tamme et al., 2021) is pre-
sented in Table 3, and the drying results 
which were simulated with the optimized 
drying schedule are shown in Figure 8.

Table 3.  Optimized industrial pine wood dry-
ing schedule based on the definition 
of critical DC and critical RH.

Time (h) Air temp. (oC) Air RH (%)

0 20 60

1 47 83

113 52 81

132 52 59

156 52 49

180 52 39

204 52 39

Figure 9 shows that an optimized drying 
schedule can provide an MC in the wood 
which is up to 30.9 % lower with the same 
drying time when compared to an unop-

timized drying schedule at virtually the 
same relative stress levels (0.25) (Tamme et 
al., 2021).

Another way to shorten the drying time 
is to force the drying process (Tamme et al., 
2011). The drying time in the initial drying 
schedule was reduced by using as a basis 
the consideration that the relative humidi-
ty of the drying air would decrease by 16% 
RH per day (Tamme et al., 2011). Forced 
drying of this type would reduce the over-
all drying time by about 3.5 days when 
compared to the original industrial drying 
regime (see Table 5). In principle, the same 
thing was done using the StatEase Design 
Expert program, when the drying time was 
randomly varied within a predetermined 
range (Sova et al., 2016, Tamme et al., 2021). 
Usually, an arbitrary shortening of the dry-
ing time in the drying schedule, i.e., forc-
ing the drying process, leads to an increase 
in the drying stresses above the dangerous 
level (0.33). According to the results which 
were obtained previously, dangerous 
stresses can be neutralised by means of a 
precisely timed moistening impulse in the 
second drying phase. The forced drying 
schedule is presented in Table 4. The corre-
sponding simulation results for the forced 
drying schedule are presented in Figure 10.

 

 

Figure 9 
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Figure 9. The results of simulations regarding optimized and unoptimized drying schedules.
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Table 4. A forced drying schedule for pine wood. 
Data regarding the stages of the 
moistening impulse are given in pa-
renthesis in the table.

Time (h) Air temp. (oC) Air RH (%)

0 20 93

1 47 93

24 47 77

48 50 61

72 52 45

(90) (52) (40)

96 52 29

120 52 13

Figure 10 and Table 4 indicate that, due to 
the forcing of the drying schedule, the to-
tal drying time decreased by 84 hours but, 
due to the moistening impulse which was 
added to the drying schedule, the drying 
time increased by ca 1 h, and the simulat-
ed stress decreased by 0.30.  Therefore the 
savings in the drying time at safe stresses 
(0.30) in order to achieve the same final 
moisture content of 12% MC was set at 83 
hours.

The statistical processing of 
experimental data
The statistical processing phase should 
at least broadly reflect the causal rela-

tionships between the physical processes 
which take place during the drying of the 
wood. From this general point of view, it 
would be interesting to be able to study the 
compatibility of the ‘electric fingerprint’ of 
wood drying, i.e., the log files regarding 
the wood’s electrical resistance levels, and 
the relative stresses in simulated wood, in 
two cases shown in detail below: a) by ex-
amining on a non-statistical basis the coin-
cidence of the maximum point of the elec-
trical indicator on the drying time scale; 
and b) by compiling a linear model of the 
relationship between the electrical indica-
tors of the behaviour of the wood’s surface 
layer and its central part.

The electrical surface-core ratio (ESCR) 
was chosen as an electrical indicator of the 
behaviour of the wood’s surface layer and 
inner layer, defined as follows:

(ESCR)=(10LogR1m-
m+10LogR4mm)/(10LogR8m-

m+10LogR12mm+10LogR18mm)
(8)

Using the Scanntronik Gigamodule 
measurement channel designations in the 
electrical resistance log file, the formula 
can be shortened:

ESCR = (U1 + U2) / (U3 + U4 + U5) (9)

 

Figure 10 

  

Figure 10. The forced drying schedules simulation graphs without the moistening impulse, and with 
the moistening impulse.
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In Figure 11, the drying time scale on the 
ESCR graph shows three clearly distin-
guishable elements of the laboratory dry-
ing experiment, with the correct turnout 
time: firstly, the transition from the first 
drying phase to the second drying phase at 
92 hours. (Note: the transition of the dry-
ing phases begins at 94 hours, with a slow 
rise, and only becomes noticeable at 100 
hours in Figure 11); secondly: the start of 
the moistening impulse at 116 hours; third: 

the full coincidence of the maximum ESCR 
and the maximum simulated relative stress 
at 143 hours.

In the linear model of electrical indica-
tors for the wood’s surface layer and inner 
layer in Figure 12, the determination coef-
ficient is R2 = 0.9838, which indicates the 
existence of a strong causal relationship 
between the wood’s surface layer and in-
ner layer in the drying test. Based on the 
model, it can be assumed that the moisture 

Figure 11. Dependencies of the ESCR value and the TORKSIM v5.11 simulated relative drying stresses 
on drying time. For a better visual comparison, the simulated relative stresses are multi-
plied by a factor of 3.12.

 

Figure 11 

  

Figure 12. A linear model of the relationship between the electrical indicator for the surface layer 
and the electrical indicator for the inner layer.
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content of the wood’s surface layer con-
trols the moisture content of its inner layer.

The potential advantages of the wood 
tension indicator which is presented in Fig-
ure 11 over an indicator which is based on 
acoustic emission (AE) (Tiitta et al., 2010) 
include a simpler technical implementa-
tion, better reliability in the harsh climat-
ic conditions of a wood dryer, and higher 
sensitivity levels. However, the advantag-
es and disadvantages of both indicators 
would be identified by the use of a bench-
mark.

An analysis of coincidences and 
differences in the results of the 
experiment and the TORKSIM v5.11 
simulation programs
There is relatively good agreement be-
tween the drying experiment and the 
simulation results in the simulated and 
experimentally determined drying curves 
(see Figure 8), the wood’s moisture profile 
before the end of the second phase of the 
drying experiment at 142 hours (see Figure 
13 (b) ), the wood’s surface simulated and 
measured in terms of temperature from 

Figure 13. Comparison of experimental and simulated moisture profiles in pine wood: a) after 92 
hours b) after 142 hours. Figure 13. Comparison of experimental and simulated moisture 
profiles in pine wood: a) after 92 hours b) after 142 hours.

(a)

(b)
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the start of drying to 60 hours into the pro-
cess (see Figure 6), and at simulated wood 
stresses at the maximum level of the ESCR 
graph as determined through the experi-
ment (Figure 11).

The critical DC, which is something 
that is characteristic of the experiment (see 
Figure 3), is very weakly expressed based 
on the simulation results. At the end of the 
first drying phase and at the beginning of 
the second drying phase, the simulated DC 
(diffusion coefficient) has an almost equal 
value (i.e., 11.8 * 10-4 mm2 /s).

The DC’s numerical values as deter-
mined and simulated through the exper-
iment also differ significantly both ten 
hours before and ten hours after the 94-
hour mark, which is when the transition 
from the first drying phase to the second 
drying phase takes place (accordingly: 
DC1ph. = 27*10-4 mm2/s, DC2ph. = 18*10-

4 mm2/s, and DCsim. = 11.8*10-4 mm2/s) 
There is also no agreement between the 
wood MC profiles which have been simu-
lated and determined from the experiment 
at 92 hours (Figure 13 (a)), at the measured 
and simulated wood surface temperatures 
after 60 hours until the end of the drying 
experiment (Figure 6). From the significant 
difference between the simulated and mea-
sured wood surface temperatures it can be 
concluded that the heat transfer coefficient 
and mass transfer coefficient in theoretical 
background Formulas (2) and (3) are no 
longer constant after 60 hours, but instead 
depend upon the wood moisture content.

Conclusions

When processing the data from the drying 
experiment, both coincidences and signifi-
cant differences were found when compar-
ing this experiment with the results from 
the simulation run on the basis of the same 
drying schedule. It was shown that it is 
possible to optimize the wood drying pro-
cess in two independent ways, i.e., using a 
critical DC and/or using a moistening im-

pulse for the drying air in the second dry-
ing phase. From the point of view of mon-
itoring the drying experiment, it seems 
expedient that the minimum number of 
resistance-type wood moisture sensors 
is five, and the optimum number of tem-
perature sensors (thermocouples) is three. 
There should be at least one displacement 
sensor placed in the drying experiment. 
Based on the raw files of the electrical re-
sistance measuring channels, a rather ex-
pressive drying tensile stress indicator can 
be constructed in graphical form.
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Selles artiklis näidati, et männipuidu kui-
vatuse protsessi optimeerimine on või-
malik kahel teineteisest sõltumatul viisil, 
st kasutades eksperimendist määratud 
kriitilist difusioonikonstanti DK (DC) ja/
või kuivatusõhu niisutusimpulssi teises 
kuivatusfaasis. Männipuidu kuivatamise 
eksperimendi andmete töötlemisel leiti nii 
kokkulangevusi kui ka erinevusi võrrel-
des sama kuivatusplaani (drying schedule) 
alusel simulatsiooniprogrammiga TORK-
SIM v. 5.11 läbi viidud kuivatusprotsessi 
simulatsiooni tulemustega.

Suhteliselt hea kokkulangevus kuivatu-
seksperimendi ja simulatsiooni tulemuste 
vahel on simuleeritud ja eksperimendist 
määratud kuivamiskõveratel (drying cur-
ve), DK arvuliste väärtuste suurusjärgul, 
puidu niiskusprofiilil kuivatuseksperi-
mendi lõppfaasis 142. tunnil, puidu pinna 
simuleeritud ja mõõdetud temperatuuri-
del kuivatuse algusest kuni 60. tunnini, ja 
simuleeritud puidu tõmbepingetel (stress) 
eksperimendist määratud electrical sur-

face-core ratio (ESCR) graafiku maksimumi-
ga.

Leiti, et eksperimendist määratud DK 
arvuline väärtus väheneb hüppeliselt ca 
1,5 korda pärast üleminekut esimesest 
kuivatusfaasist teise kuivatusfaasi. Artik-
lis kirjeldati originaalset elektritakistuse 
logifailidel põhinevat puidu pinnakihis 
tõmbepingete elektrilist (ESCR) indikaa-
torit, mis võimaldab kuivatusprotsessis 
reaalajas monitoorida kuivamispingete 
(drying stress) evolutsiooni. Artiklis saadud 
tulemused on männipuidu tööstusliku 
kuivatamise optimeerimisel koheselt prak-
tikasse rakendatavad. Samuti on artiklis 
kirjeldatud eksperimendi metoodika ra-
kendatav lehtpuude kuivatuse uurimisel. 
Artiklis kirjeldatud eksperimendi metoo-
dika ei eelda ega välista katsetatava puulii-
gi jaoks kuivatuse simulatsiooni program-
mi kasutamist, st kuivatuse optimeerimise 
ülesanne on praktikas edukalt lahendatav 
ainuüksi eksperimendi tulemustest lähtu-
valt.
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