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Abstract 
In modern veneer-based product manufacturing non-destructive testing (NDT) 

measurement methods are of importance. The great variation in wood (and veneer) material 
properties brings challenges in production and in the quality of the end product. By using NDT 
measurements methods the aim is to detect key material properties and grade the raw material 
into different predefined categories to obtain an end product with good properties having as 
low a deviation in these properties as possible. 

The aim of this study was to investigate approaches to the non-destructive and potentially 
on-line evaluation of i) veneer moisture content (MC), ii) lathe check depth (LCD) and grain 
angle (GA) in veneer and iii) adhesive spread rate (SR) on veneer. The study began by 
investigating the accuracy and precision of two existing industrial veneer MC measurement 
devices (Metriguard DME and Mecano MVA) and was followed by the development of the NDT 
methods. 

The MC of birch veneer was estimated with infrared (IR) technology. Veneers with different 
MC were imaged with an IR camera after drying and the relationship between the temperature 
data and veneer MC was then modelled. When estimating veneer MC with independent data 
not used in modelling it was found that the root mean square error (RMSE) was 1.2 %. Based on 
the results of this study, it was concluded that the spatial resolution of the IR method is better 
than microwave based methods but that the IR technology is more sensitive to the environment 
where the measurement is done and the accuracy is worse. 

Veneer strength properties may be characterized by the tensile strength perpendicular and 
parallel to the grain. The tensile strength perpendicular to the grain correlates strongly with 
LCD and tensile strength along grain with GA. In this study LCD and GA were measured 
simultaneously with laser trans-illumination imaging. LCD and GA were recognized from 
images using image analysis techniques. RMSE was found to be 7.4 % when measuring LCD. 
Absolut average error was 1.1 ° when measuring GA. 

Adhesive spreading is also an important process phase. The adhesive must be spread equally 
over the veneer to obtain the best strength properties. A fluorescence based measurement 
method to estimate adhesive spread rates was developed. RMSE was found to be13 g m-2 
suggesting that this method could be an option when developing automated real-time adhesive 
SR measurement for processes. 

The proof-of-concept methods presented showed some promising results. The knowledge 
obtained through this dissertation increases the chances of developing real-time NDT 
measurement methods for veneer-based product manufacturing processes. 
Keywords adhesive spread rate, NDT, lathe check depth, veneer moisture content 
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Tiivistelmä 
Nykyisin viilupohjaisten tuotteiden tuotantoprosessissa ainetta rikkomattomilla mittauksilla 

on tärkeä rooli. Puun (ja viilun) materiaaliominaisuuksien suuri hajonta aiheuttaa haasteita 
tuotantoprosessiin ja lopputuotteen ominaisuuksiin. Ainetta rikkomattomilla 
mittausmenetelmillä voidaan mitata tärkeimmät materiaaliominaisuudet ja niiden perusteella 
lajitella puumateriaali ennalta määriteltyihin luokkiin. Tarkoituksena on saavuttaa parhaat 
mahdolliset ominaisuudet lopputuotteelle mahdollisimman pienellä hajonnalla. 

Väitöskirjatyön tavoitteena oli tutkia i) viilun kosteuden ii) sorvaushalkeamien syvyyden ja 
viilun syykulman ja iii) liimamäärän mittausta ainetta rikkomattomien menetelmien avulla. 
Työ aloitettiin selvittämällä kahden mikroaaltotekniikkaan perustuvan teollisen viilun 
kosteusmittarin tarkkuus. Viilun kosteuden mittaus kuivauksen jälkeen on tärkeää, jotta liian 
kosteat viilut pystytään poistamaan prosessista ennen liimausta. Molempien viilun 
kosteusmittareiden (Metriguard DME ja Mecano MVA) tarkkuus havaittiin hyväksi sekä 
kuusi- että koivuviilulla. 

Seuraavaksi koivuviilujen kosteutta mitattiin infrapunatekniikan (IR) avulla. Eri kosteudessa 
olevia koivuviiluja kuvattiin IR –kameralla viilun kuivauksen jälkeen ja viilun lämpötilan ja 
kosteuden riippuvuus mallinnettiin. Mittausmenetelmän tarkkuus selvitettiin mallinnuksesta 
riippumattomalla datalla ja tällöin keskineliövirheen neliöjuuri (RMSE) oli 1.2 %. Tutkimuksen 
perusteella todettiin, että IR-menetelmän spatiaalinen resoluutio on parempi kuin 
mikroaaltoihin perustuvien mittausmenetelmien, mutta tarkkuus on huonompi ja mittaus on 
herkempi ympäristön muutoksille. 

Viilun lujuusominaisuudet vaikuttavat ratkaisevasti siitä valmistettavien tuotteiden, kuten 
vanerin lujuusominaisuuksiin. Viilun poikittaisvetolujuus korreloi voimakkaasti 
sorvaushalkeamien syvyyden kanssa ja vetolujuus syysuunnassa viilun syykulman kanssa. 
Tässä tutkimuksessa sorvaushalkeamien syvyys ja viilun syykulma mitattiin samanaikaisesti 
laseriin perustuvan menetelmän avulla. Sorvaushalkeamien syvyysmittauksille RMSE oli 7.4 
% ja absoluuttinen virhe syykulman mittauksille 1.1 °. 

Myös liimanlevitys on tärkeä prosessivaihe ja liimamäärän tulisi olla mahdollisimman 
tasainen. Lopuksi tässä väitöskirjatyössä kehitettiin fluoresenssiin perustuva 
mittausmenetelmä, jolla pystyttiin arvioimaan viilun pinnalle levitetty liimamäärä viiluista 
otetuista kuvista. RMSE oli tälle menetelmälle 13 g m-2. 

Tässä työssä esitetyt uudet mittausmetodit vaikuttivat lupaavilta. Lisätutkimuksella näistä 
menetelmistä voitaisiin kehittää reaaliaikaisia ja ainetta rikkomattomia mittausmenetelmiä 
viilupohjaisten tuotteiden tuotantoprosessiin. 
Avainsanat liimamäärä, mittaustarkkuus, sorvaushalkeaman syvyys, viilun kosteus 
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1. Introduction

1.1 Background

1.1.1 NDT definition

Typically the terms non-destructive evaluation (NDE), non-destructive testing 
(NDT) and non-destructive inspection (NDI) are used interchangeably. Hellier 
(2001) suggests that an appropriate definition of NDE, NDT, or NDI would be: 
“A process that does not result in any damage or change to the material or part 
under examination and through which the presence of conditions or disconti-
nuities can be detected or measured, then evaluated.” Ross et al. (1998) on the 
other hand defined NDE as “the science of identifying the physical and mechan-
ical properties of a piece of material without altering its end-use capabilities and 
using this information to make decisions regarding appropriate applications.”
The most commonly used term is probably NDT and this is the term that will be 
used in this study.

1.1.2 Why use NDT methods in veneer-based products manufacturing?

In a modern wood industry, the assessment of material properties using NDT
measurement methods is a key technique and there are several reasons for using
these methods during the production of veneer-based products. The general 
trend in process development is that of automation, with the production speed 
of veneer-based product processes steadily increasing. For example, in future
robotics could be utilized more in veneer-based product manufacturing pro-
cesses so there will be even fewer operators than there are currently. For human 
operators it is difficult or impossible to precisely monitor veneer properties in 
real-time. For example when veneer grading is done by operators there is always 
variation in the grading result. By introducing automation, the operators could 
be moved to somewhere, releasing them from the boring and monotonous work.

The measurement procedure itself is quite useless without further processing of
the data and if the measured data is not utilized anywhere in process. The meas-
urement procedure is typically followed by a data collection system and some 
data analysis. In modern mills measured process data is collected automatically 
with mill information system. Data should be inspected and researched to im-
prove process knowledge and control.

1 



An important further consideration in the development of process measure-
ments is that if the measurement could provide feedback to the process, it could 
be adjusted on the basis of accurate and precise measurements. This leads to 
better process control and consequently energy and cost savings. For example if 
the depth of lathe checks could be measured accurately, the peeling process 
could be adjusted based on these measurements. Currently, operators adjust the 
lathe based on their experience. Every operator makes their own adjustments 
which leads to deviation in veneer quality.

Quality control is very important in modern production processes. Manual 
measurements are very slow and therefore expensive and might be dependent 
upon the operator. False measurements give a wrong impression of the product 
and the production process. If the measurement system is based on NDT, is fully 
automated and is connected to the aforementioned data collection system, qual-
ity control is easier and more effective.

Customers are not copies of each other; accurate grading and other measure-
ment methods could make it possible to manufacture customer specific prod-
ucts. Then the manufacturer has the possibility to save production costs or even 
obtain a higher price from the products.

Typically wood has quite a large deviation in its properties. This variety in the 
material properties of wood brings challenges to the production processes and 
quality of the end product. By using NDT measurements, the aim is to detect the 
material properties and grade the raw material into different predefined cate-
gories. The aim is an end product with low deviation of visual and strength prop-
erties. For example, because of the structural use of laminated veneer lumber 
(LVL), the strength properties of the veneers used in LVL manufacture are in-
spected very carefully. To reduce product variation, LVL veneers are strength 
graded so that end product properties are as equal as possible. This requires that 
left-over veneers (typically low density veneers) should be utilized elsewhere. 

In summary it could be stated that without utilizing NDT measurement systems 
it is not possible to maximize the quality of the end products with reasonable 
production costs. Using NDT measurements and utilizing data analysis could,
for example, reduce costs because of better product quality and a reduced num-
ber of product returns. Production capacity could be increased because safety 
factors to guarantee certain product properties do not have to be so large. Pre-
cise measurements lead to better process control and knowledge. For example 
in drying where a lot of energy is used, accurate moisture content (MC) meas-
urement is important. Typically, veneers are over-dried and therefore the ve-
neers become brittle and the properties of the end product are sub-optimal. Ac-
curate MC measurement gives the option to automatically control the dryer 
speed, based on veneer MC measurements. This enables the average veneer MC 
to be higher and the veneer strength properties would be retained.

2



1.1.3 Current NDT measurement in veneer-based products manufactur-
ing

The main process stages in the manufacturing of veneer-based products are log 
handling, soaking, debarking, cut-off sawing, veneer peeling, drying, adhesive 
spreading, lay-up, pressing and panel handling. These main industrial plywood 
processing stages are depicted in Fig 1. The main stages in the manufacturing 
processes of plywood and LVL are almost the same, although the manufacturing 
machines are slightly different. Veneer grading in the LVL process is different 
to the plywood because strength grading of the veneers is required. In this study 
both the plywood and LVL processes are referred to veneer-based product pro-
duction processes.

Plywood mill lay-out. Published with the permission of Raute Corporation (Nastola, 
Finland)

In current veneer-based manufacturing processes, NDT methods are generally 
used for the online measurement of green veneer MC, thickness, length and 
width. Green veneer MC is measured using the relationship between capaci-
tance changes in wood and MC. The thickness of veneer is measured with me-
chanical devices interacting with veneer or with laser scanner. The length and
width of veneer sheets is obtained from a camera which is used to optimise clip-
ping.

The purpose of green veneer MC measurement is to group them into suitable 
MC classes for veneer drying. For example, the average MC of the heart wood of 

3



spruce is approximately 30 % and that of sap wood 150 %. These two are sepa-
rated before drying to save on drying capacity and energy use and to achieve a 
better drying quality. Veneer thickness and dimensional measurements are 
made to track the volume peeled.

After drying, veneer MC is measured. This is the most important measurement,
along with visual grading. Based on these measurements, veneers that are too 
wet are sorted out for re-drying, for instance. Additionally, the drying machine 
can be adjusted based on the MC measurement to enhance the drying quality.

On-line MC measurement methods for dry veneer are mainly based on micro-
wave techniques or measurement of the electrical resistance of wood. The two 
best known manufacturers of microwave-based measurement systems are 
Metriguard Inc (Pullman, USA) - who produces several models, including the 
‘DME’ series and the Finnish company Raute Corporation (Nastola, Finland), 
who markets the Mecano ‘MVA’ series. These two systems are studied more 
carefully later in this study.

The other commonly used, resistance type, moisture meters exploit the relation-
ship between MC and electrical resistance, since below fiber saturation point 
(FSP) there is an approximately linear, inverse relationship between the loga-
rithm of electrical resistance and MC (James 1963, 1988). In these devices, non-
penetrating electrodes (brushes) are generally employed and the electrodes 
have to have good contact with the wood surface in order to operate efficiently. 
The manufacturers of these types of MC measurement devices are, for example,
Mecano with the ‘DMA’ models (again marketed by Raute Corporation).

After veneer drying, veneers are also visually graded using cameras and ma-
chine vision systems. Veneer defects (i.e. knots, cracks, color defects) are recog-
nized and based on this information veneers are graded according to the grading 
rules of each plywood mill. Also the length and width of veneers are measured. 
Also there is a technique available for automatically measuring the surface 
roughness of veneer using cameras and the light reflected at a certain angle from
veneer surface; however this technique is not very commonly used. 

One important additional measurement in the LVL production line is the 
strength grading of veneers which may be based on density measurements or 
stress wave propagation time. Generally density is measured simultaneously 
with the same device as used for MC measurement. If the strength grading is 
done with the stress wave propagation time measurement unit, an additional 
MC measurement unit is needed.

When moving further along the veneer-based products manufacturing line, 
however, there are currently no other on-line measurements concerning veneer 
properties. Some manual measurements are carried out to control process pa-
rameters. For example in adhesive spreading, visual inspection and gravimetric 
methods are the usual ways of assessing spread rate (SR).

4



In conclusion, it can be noted that in plywood manufacturing only a few meas-
urements methods are currently used. There is still quite a lot deviation in the 
properties of the end product which suggests that there is potential value in bet-
ter real time veneer property data acquisition. There seems to be a paucity of 
scientific literature about veneer-based products manufacturing processes, and 
for this reason it is believed that NDT methods should be further developed for 
veneer-based product manufacturing.

1.1.4 Why it would be useful to measure some other veneer properties

The general reasons for developing NDT measurements have been described 
earlier. Next, some more specific reasons for developing NDT measurement 
methods related to veneer-based products manufacturing are given.

First, it should be noted that visual properties are already well characterised 
with the powerful machine vision techniques that are currently used in mills.
Additionally to density measurement, the mechanical properties of veneer can
be characterized by the tensile strength perpendicular to and along the grain.
When manufacturing rotary peeled veneer, surface cracks, or checks, are 
formed when the cylindrical bolt is converted into a flat sheet. The depth and 
frequency of these checks are dependent upon many factors including the thick-
ness of the veneer and the production process parameters. Tensile strength per-
pendicular to the grain is strongly correlated with lathe check depth (LCD) 
(Corder and Atherton 1963). High tensile strength perpendicular to grain indi-
cates shallow lathe checks (Corder and Atherton 1963). Furthermore, there is a 
relationship between LCD and lathe check frequency (LCF), meaning that 
deeper checks tend to be less frequent than shallower checks (Koch 1965; Du-
pleix 2013; Dupleix et al. 2013). LCD is an important factor because it affects 
the properties of plywood; in general a lower LCD indicates higher strength and 
better quality plywood (Chow 1974; Neese et al. 2004; DeVallance 2006, 2007; 
Sinn et al. 2009; Rohumaa et al. 2013). This suggests that the real-time meas-
urement of LCD would be useful to characterise veneer tensile strength during 
the process.

The tensile strength of veneer is also influenced by the grain angle (GA) of the 
wood. According to Oh (2011) the tensile strength of 3-ply LVL was reduced to 
one fifth, when the GA of the layers was changed from 0° to 15°, when density 
was kept constant. Söyrilä et al. (2000) found that when using veneers with low 
GA in plywood production, the boards remained straighter. Nowadays the GA 
of veneers is not routinely measured in plywood or LVL processes, but based on 
aforementioned facts measuring GA would be also useful.

If better veneer strength properties could be guaranteed, then one of the most 
important factors affecting plywood strength that remains is gluing. For suc-
cessful veneer gluing, the correct veneer MC must be ensured. Therefore, in a 
plywood mill, veneer MC is one of the most important quantities that should be 
measured on-line with good spatial resolution. High veneer MC, especially 
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moisture spots, must be avoided because this can cause problems during hot-
pressing and even quite small wet areas in the veneer can lead to blistering and 
‘blows’ in the panel (Marra 1992). Furthermore, over drying of the veneer 
should be avoided since this can lead to increased energy consumption, reduced 
veneer visual quality and poorer mechanical properties (Christiansen 1990).

After the veneers have been dried to the correct MC, obviously it is important 
to apply the correct amount of adhesive when gluing veneer-based products. In 
the amount of adhesive is too low, the strength properties of the end product 
will be compromised and if it is too high, this will add additional cost. So con-
trolling the adhesive SR in plywood or LVL production is important, since it af-
fects not only the final product properties (Marra 1992) but also cost and envi-
ronmental impact as well. Ideally just enough adhesive will be applied in order 
to form the bond. Another important reason for controlling adhesive SR is the 
need to reduce formaldehyde emissions. Qiang et al. (2011), for example, 
showed that when using a soybean meal/melamine urea-formaldehyde adhe-
sive, the amount of formaldehyde emitted was reduced when using a lower ad-
hesive SR.

Currently in the mills, adhesive SR is monitored manually by weighing the ve-
neer before and after spreading of the adhesive and in this way the average SR 
can be estimated. A method for monitoring the SR in real-time would have many 
potential advantages. By quickly and reliably identifying areas of the veneer 
where insufficient resin has been applied, or where there are adhesive-free 
spots, poor bonds and inferior product could be avoided. Lower average adhe-
sive application rates and hence cost savings would be possible for several rea-
sons. Firstly, such a system would ideally identify when adhesive over-applica-
tion is occurring, allowing immediate correction. Secondly, automated monitor-
ing would find trends in non-uniform application and provide feedback to op-
erators to tell them when operational changes are required to improve uni-
formity. Finally, excess adhesive could be used as insurance in areas of lower 
than average application. Because of reduced variability, the target SR could po-
tentially be lowered. By automating the measurement of SR, automated veneer 
lay-up should be available to even more mills and in mills already equipped with 
automated lay-up, line speed could be increased as the need for a spreader op-
erator to monitor SR is a limit by the line speed. In this study a potential method 
for automating adhesive SR measurement is introduced. 

1.2 Aims of study

Since the measurement of dry veneer MC is currently an important issue in the 
plywood industry (and in LVL production density measurement is also im-
portant), the first step in the study was to determine the accuracy and precision 
of two industrial MC and density measurement systems. The overall objective 
of the thesis was to investigate approaches to the non-destructive and poten-
tially on-line evaluation of I) veneer MC, II) the LCD of veneer, III) GA and IV) 
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adhesive SR and to demonstrate proof of concept. It should be noted that this 
type of work has not been reported earlier in the literature.

A series of distinct NDT measurement methods were investigated which form 
the basis of the papers that make up this study. The importance of controlling 
and monitoring MC in the manufacture of veneer-based products makes it 
tempting to find other solutions to veneer MC measurements. Furthermore ve-
neer density does not fully determine its strength properties and it does not give 
any estimate of veneer peeling quality. A better measure of veneer peeling qual-
ity and control of the peeling process is given, for example, through LCD meas-
urement. Peeling quality is important from the perspective of the properties of 
the end product. Finally, to handle the whole production process a method for 
measuring the adhesive SR would improve the control of adhesive SRs and im-
prove quality. These research challenges have been responded to in this study. 
With these challenges in mind, the study focussed on the following research 
questions:

Paper I: A natural question would be what is the accuracy and precision of two 
microwave technology based MC and density measurement devices under sim-
ilar conditions?

Paper II: Because current microwave based MC measurement systems are quite 
complicated and their space resolution could be better, an IR technology-based 
measurement method was investigated. The questions were: what is the accu-
racy of this method in veneer MC measurement and what kind of spatial reso-
lution could be achieved? How sensitive to environment is IR technology in ve-
neer MC measurement?

Paper III: LCD and GA have previously been found to be important factors when 
determining veneer quality. All of the current LCD measurement methods re-
ported in the literature methods have some drawbacks which makes it difficult 
to utilize them in real-time measurements. What kind of measurement method 
could be developed so that it could be used in real-time measurements in a pro-
duction process? What kind of accuracy could be achieved? 

Paper IV: As described earlier in this study it would be very useful to measure 
adhesive SR. How to detect a colorless adhesive on the surface of a veneer? How 
could adhesive SR be measured in a real-time process?

Chapter 2 provides an overview of NDT measurements and the answers to these 
above mentioned key-questions found in the literature. Chapter 3 describes the 
materials and methods used in the research work carried out in this study. 
Chapter 4 presents the results obtained from each aspect of the work and dis-
cusses them. Limitations and points for further work are discussed in the last 
chapter (Chapter 5).

7



2. Literature review

2.1 NDT methods related to veneer-based products manufactur-
ing

A number of NDT methods that can or could be applied to veneer-based prod-
ucts have previously been studied and the aim of this chapter is to give a short 
overview of these. The studies presented here are either those directly con-
cerned with veneer-based products or which have the potential to be utilised in 
the manufacturing of veneer-based products. The methods which are related to 
this study are presented more carefully later on in sections 2.3–2.6.

According to Beall (2000) the NDT methods used on wood and wood-based ma-
terials may be divided into four categories, namely those that measure: (1) basic 
properties; (2) mechanical properties; (3) internal defects and (4) adhesive 
bonding. Additionally methods related to veneer defect detection are very im-
portant for veneer-based products manufacturing since visual grading is cur-
rently very important in process.

2.1.1 Machine vision

Although machine vision techniques used for wood visual defect detection are 
in common use in the veneer-based products industry today, they are excluded 
from literature survey since they are not in the scope of this study. However 
machine vision techniques have been used for other purposes also. Surface 
roughness of wood, veneer or plywood has been evaluated using machine vision. 
Faust (1987) and Xuezeng (1992) studied wood surface roughness by computer 
vision techniques and Sandak and Tanaka (2005) used a light-sectioning 
shadow scanner to evaluate wood surface roughness. Furthermore DeVallance 
et al. (2011) evaluated the tensile strength of LVL using optical scanning and 
combined optical-ultrasonic techniques. When predicting the tensile strength 
of LVL with this combined NDT method, the model R2 was 0.65.

2.1.2 Laser based methods

Additionally the surface roughness has been evaluated using laser based meth-
ods. Funck et al. (1993), for example, compared laser-scatter and stylus-tracing
approaches for the assessment of roughness on veneer and plywood surfaces, 
whilst Sandak and Tanaka (2003) used a laser displacement sensor and 
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Lundberg and Porankiewicz (1995) used a laser scan method and an optical tri-
angular measurement method for the measurement of wood and veneer surface 
roughness. These methods were all considered to be appropriate for on-line 
measurements.

2.1.3 NIR spectroscopy

Near infrared spectroscopy (NIR) can be employed to address a wide range of 
problems (Tsuchikawa 2007). Usually, NIR spectroscopy is utilized to estimate 
the chemical composition of a sample. In the case of applications relating to 
wood, some researchers have reported the applicability of NIR technique as a 
nondestructive method to assess also mechanical properties. Meder et al. 
(2002) used NIR spectroscopy to predict the stiffness of radiata pine (Pinus ra-
diata D. Don) veneers. Spectral data obtained from 1.2 x 2.4 m2 veneer sheets 
was correlated against the stiffness data obtained from 6-ply mini-LVL panels 
prepared from the sheet. The results showed the potential of NIR spectroscopy 
for the online assessment of veneer stiffness prior to the lay-up of plywood or 
LVL panels.

Adedipe and Dawson-Andoh (2008a) examined the feasibility of NIR spectros-
copy combined with multivariate data analysis to predict the MC of yellow pop-
lar veneer sheets. The veneer MC predictive models had a R2 greater than 0.94,
so the measurement seems to be very accurate. Adedipe and Dawson-Andoh
(2008b) also predicted the veneer stiffness and bulk density of yellow poplar 
using NIR spectroscopy. All models performed well in predicting the bulk den-
sity and stiffness of new test samples that were not included in the calibration 
models. R2 values ranged from 0.56 to 0.72 for stiffness and 0.67 to 0.78 for 
bulk density. Nevertheless, the NIR absorption spectrum is very sensitive to en-
vironmental conditions and that makes the implementation of NIR in industry 
complicated. Thygesen and Lundqvist (2000), for instance, reported that tem-
perature has an influence on the absorbed bands.

2.1.4 Resistance based moisture content measurement

The electrical resistance of wood decreases linearly as MC increases from 6 % to
30% (James 1963; 1988). Below 6 %, when the MC approaches 0 %, the re-
sistance becomes very high and can only be measured with difficulty (Bowyer et
al. 2003). As mentioned previously, this inverse relationship is utilized in brush-
type veneer MC measuring equipment (for example the Mecano DMA) currently 
used in veneer-based product manufacturing processes. 

2.1.5 Beta and X-rays

Xiao and Huang (2009) measured veneer thickness using a technique based on 
Beta rays. They mention that this method can be implemented online for non-
destructively testing the thickness of veneer, with real-time display of the meas-
urement data. Furthermore Li et al. (2008) measured LVL density also using 
beta rays. Following densification of birch veneers, Antikainen et al. (2014) 
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measured their density profiles and those of normal veneers using an X-ray den-
sitometer. This method is, however, not suitable for real-time measurements.

2.1.6 Stress wave techniques

Brashaw et al. (1996) and Brashaw et al. (2004) evaluated the potential of using 
stress waves as a non-destructive evaluation technique to sort green southern 
yellow pine and Douglas fir veneers into stress grades. The aim with green ve-
neer measurement was to develop the grading process and to save in drying 
costs.

Wang et al. (2001) evaluated two non-destructive methods to detect lathe 
checks and knots in veneer. These were impact-induced stress wave techniques 
and ultrasonics. The measurements included wave velocity and attenuation in 
directions parallel and perpendicular to the grain. The results showed that both 
techniques were sensitive to lathe checks when wave propagation was perpen-
dicular to the grain. For wave transmission parallel to grain, the signals showed 
some sensitivity to knots. There was no significant difference between stress 
wave and ultrasonic techniques in the wave velocity measurements. Wang et al. 
(2001) defined a single number ‘veneer quality index’ that includes overall ve-
neer quality. Then regression models based on stress wave velocities in the two
orthogonal directions were developed to estimate the veneer quality index giv-
ing coefficients of determination ranging between 0.39 and 0.50.

Lathe check depth (LCD) and lathe check frequency (LCF) measurement sys-
tems have been studied quite intensively. These studies will be presented later 
on in this chapter. 

2.2 Accuracy and precision of measurements

One of the most important properties of any measurement is the measurement 
accuracy. In general, it is important to distinguish between the terms ‘accuracy’ 
and ‘precision’. Accuracy is a measure of how close the measured result is to the 
true value. Accuracy is dependent upon calibration. If a device is properly cali-
brated, the average output value given by the device should, after repeated use, 
equal the true input value. Therefore accuracy is also dependent on how system-
atic errors can be controlled (Bentley 1983).

Precision on the other hand is a measure of the reproducibility of the measure-
ments and it refers to the degree of variability in the measurements. Measure-
ments can be off the true value but still considered to be precise. The measure-
ment precision of a device is dependent on how well random errors can be over-
come (Taylor 1997).

In summary, it can be stated that a good measurement device is both accurate 
and precise, with measurements all close to and tightly clustered around the 
true value. Fig 2 exemplifies the differences between the terms accuracy and 
precision.
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Difference of accuracy and precision. Published with permission of Wellesley College.

In addition to accuracy and precision, measurements also have a measurement 
resolution, which is the smallest change in the underlying physical quantity that 
produces a response in the measurement (Mitra 1997; Bevington and Robinson 
1992).

2.3 MC and density measurements using microwave technology

2.3.1 Measuring principle

Generally the measurement of wood or veneer properties using microwave tech-
niques is based on the determination of its dielectric properties. Permittivity is 
a measure of how an electric field affects, and is affected by, a dielectric medium.
So the degree of interaction with microwaves and a material is characterized by 
its permittivity. The interaction with moisture contained in a material is known 
from measuring the intensity or the phase of the wave, because the permittivity 
of the material is a function of MC. The permittivity of water is about 70 - 80 in 
the microwave frequency range (Okamura 2000) and is therefore much greater 
than most of the materials to be measured. Microwaves which propagate 
through a material are strongly affected by the presence of moisture and are 
attenuated in the amplitude of the electric field and the propagation speed is 
slowed down. Attenuation and phase shift are thus functions of MC, but they are 
also affected by the frequency of radiation and thickness, density, and tempera-
ture of the sample (Nyfors et al. 1989, 2000; Okamura 2000; Schjader et al. 
2006).

2.3.2 Sensor technology

VITKA measurement device’s sensor pair was developed in late 1980’s. VITKA 
had the early prototype sensors used in DME. The sensor used in the VITKA as 
well as in the DME is an electromagnetic strip-line resonator with two centre 
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conductors (Vainikainen et al. 1987). The veneer passes between the centre con-
ductors. By using even mode resonance, high sensitivity is gained. Equation 1 
shows how the MC and SG of the wet veneer influence the output of the resona-
tor by determining the e’’ and e’, the complex and real part of the permittivity. 
After calibration, the resonator can be used to determine MC and SG in real 
time. (Fischer 1985, 1995; Vainikainen et al. 1987).=  ( / )( / )     (Equation 1) 

and are the complex and real part of the relative permittivity, re-
spectively (1/Q) is the change of the inverse of the fr/fr is 
the relative resonance frequency shift.

2.4 Measuring with IR technology

2.4.1 IR principles

When electromagnetic radiation interacts with a surface it can be transmitted, 
absorbed, or reflected by the material. A surface is also continuously emitting 
black body radiation. Only the emitted energy provides information about the 
temperature of the surface. Two or three phenomena are occurring simultane-
ously. Neither the transmitted nor the reflected radiation provides any infor-
mation about the temperature of the surface. 

An efficient reflector is an inefficient emitter, and vice versa. This simple inverse 
relationship between reflectivity and emissivity forms the basis for the interpre-
tation of nearly all that is seen in infrared images. Emissive objects reveal a great 
deal about their temperature. Reflective surfaces do not. Under certain condi-
tions, very reflective surfaces typically hide their true thermal nature by reflect-
ing the background and emitting very little of their own thermal energy.

Emissivity is the characteristic of a material that indicates its relative efficiency 
in emitting infrared radiation. It is the ratio of the thermal energy emitted by a 
surface to that of the thermal energy emitted by a blackbody at the same tem-
perature. Emissivity value is between zero and one. If emissivity is one, all en-
ergy is absorbed and re-emitted. Such an object, which exists only in theory, is 
called a blackbody. Several factors can affect the emissivity of a material. In ad-
dition to the material type, emissivity can also vary with surface condition, tem-
perature, and wavelength. The emissivity of an object can also vary with the an-
gle of view.

Thermographic cameras remotely measure the temperature of objects using the 
infrared radiation they emit and the laws of thermal radiation. The energy really 
detected (by the infrared detector) depends on the emissivity coefficient of the 
surface under measurement. In this process, knowing the emissivity is essential 
to accurately determine the actual amount of radiated energy and for adequately 
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interpreting the temperatures calculated by the camera. If thermographic anal-
ysis is intended, it is essential to know the emissivity value of the object being 
studied beforehand. The emissivity of beech has been found to be 0.88 when 
measured at a temperature of +40 °C and 0.85 when at +60 °C (López et al. 
2013a). Since the emissivity of wood is near to one, in principle it is possible to 
measure the temperature of wood using IR techniques. 

The type of finish and the appearance of the wood surface, such as its colour, 
texture, grain and even tone, have a great influence on the emissivity value. 
Given that wood is a very heterogeneous material, the thermographic measure-
ment has to be averaged over a relatively large area of the region to be analysed; 
measurements focused on just one point, which could produce erroneous tem-
perature readings, should be avoided (López et al. 2013a). Cracks, gaps and 
holes emit thermal energy at a higher rate than the surrounding surfaces 
(Hellier 2001). Furthermore, as Jones et al. (2008) stated, any modification of 
the wood surface quality will influence IR absorption. Zavarin et al. (1990) noted 
that both wood density and fibre orientation are minor factors influencing en-
ergy absorption. 

Thermal systems can be classified as either thermal imaging systems or point 
measuring systems. Thermal imaging systems are subdivided into quantitative 
or radiometric (measuring temperatures) and qualitative or non-radiometric 
(providing a thermal image only) (Hellier 2001).

2.4.2 IR and Veneer MC

Wood (and veneer) usually contains water in both the liquid and gaseous 
phases and this has the effect of broadening the IR spectral range absorbed. The 
measurement of MC by IR radiation is based on the fact that when wood is dried, 
water changes its state from a liquid to a gas and during this change energy is 
used to break bonds. This is the latent energy, because it does not result in a 
change in the material temperature. Thus the material cannot warm-up until 
the water has evaporated (Hellier 2001). Zones that are moister leaving the ve-
neer dryer should be cooler than zones that are drier. Moister zones lose heat 
more rapidly because of evaporative cooling and have higher a heat capacity so 
the net result is that they heat more slowly.

The spectrum of wavelengths is wide but the hotter the object the more intense
the radiation and the shorter its wavelength. The fact that radiation and the sur-
face temperature of a body are related makes it possible to calculate tempera-
ture from the radiation emitted. This is the principle that is employed in IR cam-
eras, however, it should be noted that the sensors are only able to detect radia-
tion in the IR region and assumptions must be made about radiation at other 
wavelengths. IR cameras compute and display the temperature of a body ac-
cording to the radiation it receives. However, the radiation depends not only on 
the temperature of the object but also on the ambient conditions of the sur-
roundings. Therefore factors such as the emissivity of the object, the reflected 
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temperature, the distance between the camera and the object, as well as the rel-
ative humidity must all be taken into account. Because of these effects IR meas-
urements are quite sensitive: even changes to the material surface and the tem-
perature of surroundings will affect the results. For example, when the sur-
roundings are cooler the measured item appears cooler.

2.4.3 Previous applications of IR technology in the forest-based industry

Most of the applications of IR in the forest products industry have hitherto been 
in the paper industry. Vickery et al. (1978), Honma (1982) and Atkins (1983) 
were the first to develop IR technology for the measurement of MC and wet 
streaks in paper. Hojjatie et al. (2001) measured the surface temperature of pa-
per using an IR camera, finding that temperature varied linearly with MC. 
Kiiskinen et al. (1997) measured not only the MC of paper but also examined 
paper structure using IR technology.

Some research has also been carried out in the plywood industry on the use of 
IR technology. Fike et al. (2004) studied the drying of yellow poplar and pine 
and found that there was a strong relationship between temperature and MC in 
both species. The coefficient of variance (COV), which in this case was defined 
as the standard deviation of temperature divided by the average temperature, 
was used to detect the onset of surface dry out.

2.5 Lathe check depth and grain angle measurements

Previously, there have been studies on the measurement of LCD mainly using 
either destructive techniques or contact methods. For example, et al. 
(2007; 2010) described a measurement system called SMOF (Systeme de 
Mesure d’Ouverture des Fissures). With this device LCD and lathe check inter-
val could be measured in veneer strips that were generally cut to widths ranging 
from 15 to 40 mm. The device ‘opens’ the checks in the veneer slightly as it 
passes over a pulley and images are taken from the side of the veneer. The di-
ameter of the pulley is different for different veneer thicknesses. From these im-
ages, LCD is estimated using an algorithm developed for the purpose. Because 
imaging is from the side of the veneer, this method is not suitable for real-time 
measurements during veneer production. Furthermore, the quality of sawing 
must be reasonable to get clear enough images for the measurement.

Tomppo et al. (2009) measured LCD using ultrasound. LCD was measured in 
both dry and moistened birch veneers with a contact and a non-contact meas-
urement set-up. Non-contact measurements were performed on green veneer
using air-coupled through-transmission and reflection mode.

Using the contact method for measuring dry and moistened veneer, the best 
correlation coefficients between LCD and the measured ultrasound parameters 
were 0.63 and -0.85 respectively. With the air coupled through-transmission 
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and reflection mode measurements, the best correlation coefficients between 
LCD and the ultrasound parameters were 0.6 and 0.77, respectively. The ad-
vantage of using ultrasound is that can be both non-destructive and non-con-
tact.

Denaud et al. (2007) measured lathe check frequency (LCF) by recording the 
sound and cutting forces during laboratory scale peeling. The measurement is 
based on the fact that a signal peak occurs when there is a lathe check in the 
veneer. LCF was estimated from both signals by detecting the signal peaks using 
the root mean square (RMS) and calculating its local average. As a reference, 
LCF was estimated by simultaneously measuring the profile of the checked ve-
neer surface with a laser. Later Denaud et al. (2012) compared different signal 
processing methods to estimate LCF from the sound recorded during laboratory 
scale peeling. In these studies LCD was not measured, although it could be spec-
ulated that LCD could be estimated from LCF.

Wang et al. (2001) measured LCD and the total lathe check number of a sample 
using acoustic-ultrasonic and stress wave methods. When modelling the rela-
tionship between the acoustic-ultrasonic parameters and LCD by multiple re-
gression analysis, the best R2 of the model was 0.52. The best R2 of the model 
for LCD and stress wave parameters was 0.63. These measurement methods 
were not sensitive to lathe check number and both methods require contact with 
the veneer.

Based on measurement systems presented in the literature it should be noted 
that the measurement of LCD is not an easy task to perform. Some systems re-
quire prior sample preparation which makes their use for real-time measure-
ments impossible. Furthermore, most of the measurement systems are not very 
accurate at the present time.

The GA of wood or veneer has been measured using different methods. By meas-
uring the dielectric constant using a rotating capacitance head, Steele et al. 
(1991) were able to measure the GA of wood. Later, Tsuchikawa and Tsutsumi 
(1997) measured the GA and surface roughness of solid wood using NIR spec-
troscopy by multiple linear regression analysis. Gindl and Teischinger (2002) 
on the other hand suggested that the partial least square analysis of visible and 
NIR reflectance spectra would be a possible means of determining GA. Silven-
noinen (2000), Simonaho et al. (2002), Hu et al. (2004) and Huang et al. 
(2008) all measured wood GA using a reflected laser beam. Using this approach, 
GA was determined by obtaining the orientation of an ellipsoid illuminated by 
the laser. Tolonen et al. (2001) developed a method and device to measure the 
diving angle of wood grain based on laser light and holographic interferometry.
Nieminen et al. (2013) measured defects and GA from timber using laser trans-
illumination imaging.

Wood veneer has also been studied to determine the deviation of GA by exam-
ining the pattern of the scattered transmitted light on the un-illuminated side 
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of veneer (Söyrilä et al. 2000). In this method, image analysis is used to recog-
nise the elliptical illumination pattern, from which the orientation of the main 
axis of the ellipse is determined. According to Söyrilä et al. (2000) GA may be 
determined with good accuracy with this method.

In the technique investigated in this study, the main difference to other reported 
methods is that LCD and GA are measured simultaneously. 

2.6 Estimation of adhesive spread rate

2.6.1 Fluorescence and auto-fluorescence of wood

Fluorescence phenomena are routinely used in the microscopic study of wood. 
It is a technique that is widely used in, for example, the investigation of inter-
phases in wood-based materials for it provides excellent contrast, which is dif-
ficult to achieve with electron microscopy (Modzel et al. 2011).

Fluorescence is based on the phenomena that some materials absorb photons 
from electromagnetic radiation of a certain wavelength. The absorbed energy 
excites electron transitions from the ground state to a higher, empty energy 
level. Depending of the material, part of the energy released when the electron 
returns to a ground state is emitted as photons: luminescence emission. Energy 
of the emitted photons is always lower than that of exciting radiation (Sharma 
and Schulman 1999; Albani 2008). Excitation and emission spectrums are ma-
terial specific. The emission spectrum is independent of exciting wavelength, 
but it does affect the intensity. Maximum emission intensity is achieved with 
maximum absorbance, and wrong wavelengths cause no excitation or emission
(Donaldson & Bond 2005).

In fluorescence microscopes an excitation filter is often used between the light 
source and sample to control the illumination wavelength. An emission filter 
transmits the fluorescence emission wavelengths before the sensor and prevents 
non-fluorescent light from reaching the detector. In addition a dichroic mirror 
is commonly used to prevent wavelengths that are too long from getting to the 
specimen and wavelengths that are too short from reaching the emission filter 
(Rittscher et al. 2008).

Wood auto-fluoresces at all wavelengths in the ultraviolet and visible spectra.
The strongest emissions are achieved by exciting at wavelengths of 488 nm or 
568 nm. The corresponding maximum emission peaks are at 530 nm or 600 
nm. 

2.6.2 Different techniques for adhesive spread rate measurement

In this study fluorescence was utilized for estimation of adhesive SR. This means 
that adhesive has to fluoresce more strongly than wood auto-fluoresces.
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Nozaka et al. (1991) described a method and device for detecting failures in ad-
hesive application and the quantity of adhesive applied using the degree of lu-
minous emission from a fluorescent substance added to the adhesive. Potential 
application areas for this method included collators, box-making and book 
binding machines as well as continuous sheets or sheets of film. May and Ca-
sacia (1989) measured thin liquid film thickness using fluorescence and later in
the automotive industry Morris et al. (1998) reported a fluorescence based 
method that could utilized in applications that involve monitoring the thickness 
and uniformity of a film applied to a surface. 

Additionally NIR based methods for detecting adhesive have been studied for 
different engineered wood products. Taylor and Via (2009) presented a NIR 
based method coupled with multivariate statistical methods to predict the phe-
nol formaldehyde (PF) adhesive content in oriented strand board (OSB) post 
manufacture. A visible-NIR-based PLS model could predict moderately well the 
PF loading in the face layers of pine OSB after pressing. According to the authors 
NIR may provide the basis for an on-line, real-time quality control tool provid-
ing feedback information to the press. Similarly Mbachu and Congleton (2004) 
introduced a method which was able to estimate phenol-formaldehyde adhesive 
SR of oriented strand board (OSB) in real-time using NIR spectroscopy. Later 
Husted et al. (2006) introduced a NIR spectroscopy based method and system
for dynamically monitoring and controlling the proportion of resin solids or 
other additive solids in combination with other ingredients used in continuous 
production of resin-wood composite articles. Plinke and Ben-Yacov (2010) dif-
ferentiated OSB strands with and without UF adhesive using NIR hyper spectral 
imaging and also estimated UF film thicknesses on planed wood surfaces with 
same method.

For veneer-based products Mbachu and Congleton (2006) introduced also a 
spectroscopy based method for monitoring resin applied to a planar surface of 
veneer sheets during travel in an assembly line. This method used the visible 
light spectrum and near infrared extending to 2500 nm and then monitoring of 
selected radiation absorbance by the applied resin is carried out by spectro-
scopic measurement of non-absorbed electromagnetic radiation, as reflected 
back by the veneer matrix. Finally selected wavelengths are utilized for deter-
mining average resin-weight per designated surface area of a sheet. According 
to authors the surface area of the system is 161 cm2 for one sensor. In practice 
four sensors for 1220 mm wide veneer is used.
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3. Materials and Methods

3.1 Veneer peeling, drying and conditioning

Research into the accuracy and precision of the DME and MVA devices, as more 
fully described in Section 3.2.1, was conducted using 3.5 mm spruce (Picea 
abies) and 1.5 mm birch (Betula pendula Roth) veneers which were commer-
cially produced and were obtained from a Finnish LVL and plywood mill. Both 
were taken under typical manufacturing conditions. To obtain a range of veneer 
MCs for the accuracy and precision tests, the veneers were conditioned under 
appropriate conditions of RH and temperature. The spruce veneers were condi-
tioned to four nominal MC groups 4, 6, 10 and 16 % and the birch veneers to 
three (4, 6 and 10 %). More details can be found from Paper I.

Other research was conducted with veneers that were produced in the labora-
tory at Aalto University. For the assessment of veneer MC and the SR of UF ad-
hesive on the veneer (Papers II and IV) fresh birch (Betula pendula Roth) logs 
were soaked in water at 40 °C for 48 hours and peeled with a rotary lathe (Model 
3HV66; Raute Corporation, Nastola, Finland) to produce veneers with a nomi-
nal thickness of 1.5 mm. When measuring LCD and GA (Paper III) again three 
fresh birch logs were soaked in water at 20, 40 and 70 °C for 48 hours and peeled 
with the rotary lathe to produce veneers with a nominal thickness of 3.5 mm. As
soaking temperature is known to affect to LCD (Rohumaa et al. 2013), by using 
different soaking temperatures, different LCDs were obtained.

After peeling, the veneer mat was cut into sheets of dimensions 42 x 130 cm2

and subsequently dried using a laboratory-scale convective type veneer dryer 
(Raute Corporation, Nastola, Finland) at 160 °C for 1, 2, 3, 4, 5, or 6 minutes to 
obtain a range of veneer MCs (Paper II). For the SR research, the veneers were 
dried until they were just bone dry and then after drying they were conditioned 
at a RH of 15 % and temperature of 40 °C until equilibrium was reached (Paper 
IV). When assessing the LCD and GA of veneers, they were conditioned at an 
RH65% and 20 °C until equilibrium was reached without drying (Paper III). 

Table one summarizes log soaking temperatures, veneer conditioning and ve-
neer final MC used in the experimental work conducted for this thesis.
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Summary of soaking temperatures, veneer conditioning and veneer MC used in the 
experimental work conducted for this thesis

Measurement Soaking tempera-
ture [°C]

Conditioning Veneer MC [%]

Paper I Accuracy and 
precision of com-
mercial MC and 
SG meas. units

industrial Corresponding to 
veneer MC

Spruce: 4, 6, 10 and 16
Birch: 4, 6 and 10

Paper II IR measure of 
MC

40 Green veneers Range after drying 0.5–
39.4

Paper III LCD 20, 40, 70 RH65 %, 20 °C 14.7 
Paper IV Adhesive SR 40 RH15 %, 40 °C 3.5 

3.2 Assessing the measurement accuracy and precision of indus-
trial NDT measurement systems

3.2.1 Introduction to the measurement devices tested

Two industrial veneer MC and SG measurement devices based on microwave 
frequency technology were tested. These were the Metriguard DME (Metriguard 
Inc, Pullman, USA) and the Mecano MVA (Raute Corporation, Nastola, Fin-
land). The roots of the technique used in the Metriguard system lie in the 
‘VITKA’ device developed in the late 1980’s and the beginning of the 1990’s 
(Fischer 1985, 1995, 1996; Vainikainen et al. 1987). The measurement frequency 
of the VITKA and the ‘DME’ is 350 MHz. The DME is commonly used in the 
LVL industry for the measurement and grading of veneer MC and SG. The 
Mecano MVA represents a newer technology that was developed between 
around 2006 and 2008 by the Mecano in Kajaani, Finland. The measurement 
frequency of the sensors used in the ‘MVA’ is in the gigahertz range. Both de-
vices are based on the same principle for measurement, namely the relative per-
mittivity of wood, and the sensors are of the non-contact variety.

The Metriguard 2800 DME has box shaped measurement units (resonator cav-
ity pairs) whose width is approximately 300 mm and three cavity pairs could be 
utilized in this study. The distance between the cavity pairs is approximately 60 
mm. In the Mecano MVA, the cavity pairs are circular, with a diameter of ap-
proximately 100 mm and the distance between them is 65 mm. Data from 14 
sensor pairs was used.

3.2.2 Measurements

Assessment of the veneer MC and SG measurement accuracy was carried out 
using a specially constructed measurement line where both measurement de-
vices were placed one after the other. With this kind of measurement set-up, the 
same veneer would in effect to be measured simultaneously, thus eliminating 
potential errors from varying veneer MC. The distance between the measure-
ment units was chosen so that they did not interfere with each other. The line 
speed was 100 m min-1. The effect of the line speed was tested at 165 m min-1
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using the aforementioned spruce veneers. The higher measurement speed was 
chosen to simulate the production conditions in the mill. 

The veneers were passed three times through the measurement line in order to 
evaluate repeatability and precision. In addition, by passing the veneer three 
times through the line, it was possible to evaluate whether the accuracy of the 
measurement improves by repetition. After measurement, the veneers were im-
mediately cut into 520 x 325 mm2 pieces in order to obtain the MC and SG of 
the veneers gravimetrically. Further details may be found in Paper I.

3.3 Measuring veneer MC using infrared technology

After drying, the veneer was taken out of the dryer and fastened in a vertical 
position so that an IR video could be taken. This procedure took approximately 
5 seconds. The IR measurements were made using a FLIR A310 (9 Hz) camera 
with a FOL 18 lens (Flir, Oregon). The distance between the camera and the 
veneer was approximately 4 meters. An IR video of each veneer was recorded 
for 2 minutes and 4 frames per second were captured and saved. After recording 
the IR images of the veneers, they were cut into pieces (100 x 100 mm2). From 
each sheet 4 x 11 = 44 pieces were cut. In all, 56 veneer sheets were measured 
and cut into 2464 veneer pieces. After cutting, the veneers were subsequently 
oven dried at 103 °C for 24 hours and the dry weight and dimensions measured 
to obtain the true MC and density. The thickness of the veneers was measured 
with a digital micrometer (Mitutoyo ID-C112PB, Japan) combined with an in-
strument that ensures that the veneer is flat when measured. Further details 
may be found in Paper II.

3.4 Assessing veneer LCD and GA using trans-illumination imag-
ing

Twenty six veneer specimens having dimensions of 60 x 50 mm2 (60 mm along 
grain) were cut from the veneer produced. Before the measurements the MC 
and density of the veneers were obtained the same way as described in para-
graph 3.3. The average MC, density and thickness of the veneers was found to 
be approximately the same in every veneer group (20, 40 and 70 °C).
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3.4.1 LCD and GA laser measurements

The laser measurement set-up used is shown schematically in Fig 3. It consisted 
wave plates, optics and camera. The basic 

principle behind the measurement system is that when the polarised laser light 
impinges upon the veneer, the light interacts with and is scattered by the wood 
grain and the lathe checks in such a way that they are highlighted.

 

Principle of the LCD and GA measurement set-up

The light source used was a 785 nm (TEM00) GaAlAs diode laser (Toptica Pho-
tonics XTRA), that was projected through a single mode polarization maintain-
ing fibre (Toptica Photonics, MDF = 4.5 μm, numerical aperture NA = 0.11, 3 m 
in length). The laser light was collimated using an aspheric lens (f = 11.0 mm) at 
the fibre terminus and this produced a beam having as diameter of 2.2 mm. The 
polarization and laser power were controlled by two zero-order half-wave plates 
and an anti-reflection coated Glan–Taylor calcite polarizer. The maximum 
power of the laser was 500 mW. The sample holder had a diameter of 122 mm 
and was designed in such a way that the sample of veneer, if held horizontally, 
could be bent slightly so that the lathe checks could be opened slightly to make 
them more visible. The sample was kept in place against the holder using a sup-
porting device. The sample was always positioned in such a way that the ‘loose’ 
side (containing the checks) faced the camera. During the measurement pro-
cess, the sample was manually moved downwards against the surface of the 
sample holder and 140 frames of video were taken with a monochromatic CMOS
camera (Pixelink PL-B741F; Ottawa, Ontario, Canada). From these video 
frames, values for the LCD and GA were obtained.

3.4.2 LCD reference measurements

After measurement of LCD by laser, reference LCD measurements were per-
formed in a similar manner to that described by et al. (2010). The loose 
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side of each veneer sample was coloured using a black textile dye (Dylon, Spot-
less Group, Paris, France). Then the samples were again conditioned at RH65%, 
20 °C until equilibrium was reached. The samples were then sawn across the 
grain into two pieces and the LCD measured optically from the sample cross-
section using a stereo microscope (Wild MZ8, Leica, Wetzlar, Germany). Each 
lathe check in every sample was measured. The principle behind the measure-
ment of the reference LCD can be seen in Fig 4. Further details of these meas-
urements may be found in Paper III.

 

Principle of the reference LCD measurement

3.5 Estimating the spread rate of UF adhesive on birch veneer

3.5.1 Adhesive and fluorophore used

The size of specimens was 100 x 100 mm2. The adhesive used was urea formal-
dehyde (Dynea Prefere 14G014, Hamina, Finland) and the mixing ratio (by 
weight) provided by the manufacturer was used (resin 61.2 %; hardener 14.3 %; 
water 24.5 %). Since the UF adhesive itself did not fluoresce enough in the sys-
tem used in this work, the fluorophore acridine orange was added to the adhe-
sive at a rate of 0.08 % by weight. This fluorophore was selected so that the color 
of the adhesive line would be similar to that of the birch wood itself, as well as 
working with the filters and lighting using in the system employed (see below). 
The viscosity of the resin was measured before adhesive spreading and was ad-
justed by adding water so that it was the same as the manufacturer’s recommen-
dation. The viscosity of the adhesive was (Ford Cup 6) 40 – 45 s between the 
different adhesive batches.

3.5.2 Adhesive spreading

Adhesive was spread onto the tight side of the veneer. The application of the 
adhesive was carried out in two ways manually. The adhesive spreading meth-
ods and SRs are summarised in Table 2.

Adhesive spreading methods and SRs

METHOD ADHESIVE SR [g m-2]
UNIFORM SPREADING 50, 100, 120, 150, 180 and 200
ADHESIVE LINES 100, 150 and 200

 

Uniform spreading was achieved using a glue comb which had 1 mm teeth at 1
mm intervals. This imitates roller spreaders, foam spreading and curtain 
spreading. Three replicates were used at each spread rate. Adhesive line spread-
ing was achieved using a syringe. Extrusion was imitated by spreading the ad-
hesive lines. One specimen per SR was prepared in this way.

check depth 
veneer 
thickness 
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Additionally adhesive penetration into veneer was investigated at a SR of 150 g 
m-2 by taking images at one minute intervals for 15 min using three replicate 
specimens. There was an interval of 1 to 2 minutes between adhesive spreading 
and imaging. 

3.5.3 Measurement

Ten fluorescence images of approximately 0.9 cm diameter from different areas 
of each sample were taken. Images were obtained using a Leica DMLAM (Lau-
sanne, Switzerland) light microscope modified by installing a TV zoom lens and 
removing the ocular. A Leica DC300 colour digital camera captured the images 
and processing was done in the Leica Application Suite software.

The specimen was illuminated by a blue LED with a wavelength of 470 nm. The 
filter set used in the microscope was the Leica L4, designed for fluorescein 
isothiocyanate (FITC). The camera settings (exposure time, gain, etc.) were the 
same within each sample test type. Further details are found in Paper IV.

3.6 Data Analysis

3.6.1 Data pre-processing

Data pre-processing was mainly carried out using MatLab (MathWorks Inc., 
Natick, MA, USA) software. After the measurements had been carried out using 
the first two above mentioned NDT techniques (reported in Paper I and Paper 
II), the data collected was divided into two parts. These became respectively a 
training set and a test set. Both sets were of equal size. In the latter two cases 
(reported in Paper III and Paper IV) only one data set was used.

When examining the accuracy and precision of the industrial MC and SG meas-
urement devices (Paper I), the calibration of the MVA was done with the train-
ing set and the testing of the accuracy and precision of both devices with the test 
set. When estimating veneer MC with the IR method (Paper II) the training set 
was used for training the models and test set for testing the accuracy of the 
model. However, when estimating LCD from the video sequences and adhesive 
SR from the fluorescence images, only one dataset was used (Papers III and Pa-
per IV) signifying that there was no data set for testing the accuracy of the 
model.

From a statistical point of view, in the training data set the model accuracy is 
always better because the model learns the data (Haykin 1999). That is why the 
test set (which is independent of the training set) is useful when testing the ac-
curacy of a model and its generalization ability.

3.6.2 Image analysis

Analysis of thermal images consisted only of averaging the images over the same 
area as the true MC and density values (100 x 100 mm2) (see Paper II). Image 
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analysis was also carried out when measuring the LCD and GA of birch veneers 
(Paper III) and when estimating the adhesive SR on veneers using fluorescence 
(Paper IV).

When estimating LCD and GA, the videos were analysed differently according 
to whether LCD or GA values were being obtained. In the case of LCD, the target 
was to recognize the lathe checks from an elliptical illuminated area of the im-
age. Since it emphasises horizontal structures, the images were first filtered us-
ing the Prewitt filter (Gonzales and Woods 2001). The effect of filtering can be 
seen in Fig 11. After filtering, the image was thresholded with Otsu’s method 
(Otsu 1979) and the area of the lathe checks recognised was calculated. Since it 
was sometimes difficult to differentiate between the lathe checks and wood 
grain, only the object with the maximum area recognized by the system was cho-
sen for further analysis. The average of these maximum lathe check areas was 
subsequently obtained from the samples.

As described by Söyrilä et al. (2000), GA can be measured by evaluating the 
scattering pattern of transmitted light on the un-illuminated side of the veneer.
When determining GA, the threshold value was chosen so that an elliptical illu-
minated area was recognized. The orientation of the ellipse was then obtained, 
by fitting an ellipse to the recognized object (illuminated elliptical area) and ob-
taining the angle of the major axis of the ellipse. Fig 5 shows how, in principal, 
an ellipse is fitted and the angle of major axis of the ellipse is derived.

Fitting an ellipse to image

Finally, to estimate the adhesive SR from the veneer pieces where the spread 
was uniform, the average intensity of the grey scale fluorescence images was 
determined. From the adhesive lines, the average adhesive fluorescence inten-
sity was determined by first using a threshold to determine where the adhesive 
was and then measuring the intensity in that area. The width and area of the 
thresholded region were also quantified. To evaluate adhesive penetration, av-
erage intensity was observed over time (Paper IV).

3.6.3 Modelling relationships in the measurement data

In each case, data analysis was principally undertaken using Matlab software. 
Statistical modelling was used when modelling the relationship between IR data 
and the MC of the veneers (Paper II) and average area of lathe checks and LCD 
reference value (Paper III). Also the relationship between the average intensity 
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of the images and adhesive SR was modelled. In the case of the relationship be-
tween the average intensity of the adhesive lines and the average width of the
adhesive lines and adhesive SR, only a one-way ANOVA was used, since there 
were only three points in the data (Paper IV).

The IR camera employed 240 x 320 pixels and in this recording set-up 88 x 253 
pixels could be utilized over the area of the veneer. So each 100 x 100 mm2 ve-
neer piece comprised 22 x 21 = 462 pixels. To successfully model the relation-
ship between the IR data and physically measured veneer property values, the 
IR data was scaled to the same dimensions (100 x 100 mm2) as the specimens 
used in the physical determination of MC and density. 

Modelling the relationship between IR data and veneer MC was carried out to 
estimate veneer MC from the IR data. Since this relationship turned out to be 
non-linear, two types of model capable of modelling non-linear data were used: 
a neural network (NN) and a Gaussian model.

Artificial NNs are a quite well-known means of uncovering complex, non-linear 
relationships in multivariate data. They are also, in principle, able to map any 
linearity. One of the attractions of neural network models is their ability to 
model a wide variety of functions (Bos et al. 1993). However this flexibility 
comes at a cost in that a large number of parameters may need to be determined 
from the data (Bishop 1995; Haykin 1999).

NNs can be considered as collections of computational units. The basic element 
of a neural network is a simple signal-processing unit, which is called a neuron. 
NNs employ processing nodes (neurons or units), connected using abstract in-
terconnections (connections or synapses). Connections each have an associated 
real value, termed the weight (wi), that scales the input (ii) passing through 
them. This also includes the bias ( ) which also has a modifiable weight. Nodes 
sum the signals feeding into them (net – Equation 2) (Goodacre et al. 1996):= +     (Equation ) 

The sum of the scaled inputs and the node's bias are then scaled to lie between 
0 and +1 (or sometimes between -1 and +1) by an activation function to give the 
nodes output (out – Equation 3); this scaling is typically achieved using a lo-
gistic (or sigmoidal) function (Goodacre et al. 1996):=  ( )    (Equation 3) 

In this study a feed forward neural network with one hidden layer and linear 
output layer was trained. The Levenberg-Marquard algorithm (Hagan and Men-
haj 1994) was used for training. Matlab’s neural network toolbox was used. The 
number of hidden layer neurons was varied from 1 to 10 in order to test the 
number of neurons that gave the smallest root mean square error (RMSE) and 
the best generalization ability.
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In principle model complexity should be as low as possible (Bishop 1995; Chwif 
2000). Because the Gaussian model has fewer parameters, this type of model 
was also used. Generally the Gaussian model is given by (Equation 4):

= ×     (Equation 4) 

where ai is the amplitude, bi is the centroid (location), ci is related to the peak 
width, n is the number of peaks to fit (Bishop 1995). In this case only one peak 
was needed (n=1). MC can be estimated with Equation 4 by replacing y with MC 
and x with IR data (temperature).

Finally, the sensitivity of the estimation of veneer MC was tested by giving the 
NN model (trained using data from the first image acquired by the IR camera) 
IR data recorded after different time intervals. The RMSE was then calculated. 
During the first 6.25 s of recording the sequence, every 5th frame was used, 
thereafter every 25th frame was used (up to 62.5 s). Finally the last image was 
recorded at 100 s. This data set was obtained from 18 veneers that were not used 
in training the NN model.

In the other research (Paper III and Paper IV) the relationships mentioned 
above were modelled using ordinary least mean square (LMS) regression.

3.6.4 Estimating accuracy and precision

In this study the common measure of error, RMSE, was used. The RMSE was 
used when estimating the accuracy and precision of the industrial MC and SG 
measurement systems (Paper I), when estimating veneer MC with IR technol-
ogy (Paper II), when estimating LCD with laser trans-illumination imaging (Pa-
per III) and finally when estimating adhesive SR with fluorescence (Paper IV). 
The RMSE equation is presented in Equation 5 (Bishop 1995; Haykin 1999).

=  ( )   (Equation ) 

Additionally in Papers III and IV the coefficient of determination, R2 was calcu-
lated. R2 indicates how well a statistical model fits the data.
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4. Results and Discussion

The veneer MC after drying, veneer tensile strength perpendicular to and paral-
lel to the grain, as well as the gluing phases in the process have all been found 
to be important in veneer-based products manufacturing. In this chapter, the 
various measurement solutions that were investigated are presented. The start-
ing point was research into the accuracy and precision of existing industrial 
measurement equipment. Then this continued with the development of an IR 
technology based veneer MC measurement system which could, potentially, be 
a lower price option since suitable sensors can readily be bought. Then, a 
method to measure the physical properties of the veneer (i.e. LCD and GA) that 
affect the veneer strength properties was developed. With this measurement
system both LCD and GA can be estimated simultaneously. Finally a method to 
estimate the adhesive SR using a fluorescence based method is presented. 

4.1 Accuracy and precision of industrial MC and SG measure-
ment systems

First of all, it was considered important to test the accuracy of existing industrial 
measurement devices so as to have a reference against which to develop an al-
ternative system. The existing technology is quite complicated and the spatial 
resolution could be better. These tests were done using industrially produced 
spruce and birch veneers. The veneers were run through measurement devices 
and reference values were measured physically. From these results, accuracy 
and precision were estimated. Below, the most important results from Paper I 
are summarized.

In Table 3, the error values are calculated so that for the true values and the 
measured values, the average is calculated over the sheet and then the RMSE is 
calculated using Equation 5. Only veneer sheets in which the true MC was under 
10 % were included in the calculation.

The average MC of the spruce veneers was 5.5 % and that of the birch veneer 6.1 
%. These are very near common final veneer MC target after drying which is 5 –
6 %. The average SGs of samples were on spruce 0.400 and on birch 0.560
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  RMSE of the MC and SG of spruce and birch veneer sheets for each of the three ‘runs’

MC RMSE [%] SG RMSE
RUN SPRUCE BIRCH SPRUCE BIRCH

DME 1 0.21 0.67 0.009 0.013
2 0.20 0.69 0.008 0.013
3 0.17 0.73 0.008 0.013

MVA 1 0.21 0.52 0.008 0.020
2 0.21 0.50 0.008 0.022
3 0.21 0.48 0.008 0.024

Table 3 shows that both the accuracy and repeatability of the veneer sheet MC 
and SG measurement are good in the case of both the DME and MVA. Based on 
the small RMSE value, particularly with spruce, it can be concluded that accu-
racy is good. In all measurement runs the RMSE is practically the same, from 
which it follows that the repeatability is good. Generally for both devices the 
RMSE is greater and varies slightly more when measuring birch sheets, indicat-
ing that both accuracy and repeatability are worse for birch.

The accuracy of the devices observed in this study was approximately the same 
as has previously been reported in the literature. Vainikainen et al. (1987) found
a common standard deviation in MC for the measurement of spruce and birch 
which was 5.5 %. In this study the standard deviation of the measurement of 
spruce MC was approximately 2.8 % for both devices and for the measurement 
of birch MC it was about 9.2 % with the DME and 6.6 % for the MVA. When 
assessing the accuracy of a VITKA (a prototype of the DME) device, Antikainen 
et al. (2007) found that the RMSE of MC measurement was between 0.4 and 0.6
% when birch at a MC under 10 % was being measured. Theses authors also
measured the accuracy of SG measurements and found that the RMSE was be-
tween 0.014 and 0.019 at a MC under 10 %, which is similar to the RMSE values 
shown in Table 3.

The reasons for the measurement accuracy and precision being worse on birch 
are not so clear. In general the wood species should not affect the measurement 
accuracy, since the dielectric properties of different wood species do not vary 
very much (Sahin 2004). A greater degree of buckling was observed in birch 
veneers (especially at higher MCs), which could be one explanation. Because of 
the properties of the microwave measurement sensors, the distance between the 
veneer and the sensors should, under optimal conditions, always stay the same. 
When veneer is buckled, the distance between the veneer and the sensors con-
stantly varies, maybe leading to poorer accuracy and precision. In the MVA de-
vice, the veneer goes through the measurement process between tight conveyor 
belts which hold the veneer flatter, maintaining a more constant distance be-
tween the veneer and the sensors. Thus the veneer travel is more controlled in 
the MVA which might explain why the errors do not increase to such an extent 
when birch is being measured in the MVA. Vainikainen et al. (1987) reported 
that when developing the VITKA, the sensors did not tolerate large vertical dis-
placements in the veneer. More detailed results about the accuracy and preci-
sion of the two devices studied can be found in Paper I.
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On the basis of the research carried out in this study it can be concluded that the 
accuracy and precision of these two devices are good, though it should be noted 
that the tests were done in under laboratory conditions and the sample sizes, 
particularly for birch, were quite low. The sample sizes are equal to approxi-
mately 1 to 2 minutes worth of production in industry. Industrial conditions are 
always more challenging for measurement devices. Dust and dirt from veneer 
falling onto sensors brings challenges for the measurement; current MVA mod-
els are equipped to shield the sensors from dust by blowing compressed air on 
to the sensors at certain time intervals. In addition, when comparing the micro-
wave based measurement devices to “brush type” units it should be noted that 
with the former, veneer MCs under 5 % can also be measured accurately. With 
the “brush type” units these MCs are difficult because resistance of wood is so 
high.

4.2 Estimating veneer MC using IR image sequences

4.2.1 Overview of measurement data and thermal images

After the researching the accuracy of existing industrial MC measurement de-
vices, the aim was to investigate ways of MC measurement with better spatial 
resolution. The diameter of the sensor in the MVA is approximately 10 cm and 
in the DME the sensor is even larger so the spatial resolution could be improved.

The veneer sheets were dried using different drying times from 1 to 6 minutes 
and cut into 100 x 100 mm2 pieces. Table 4 summarizes the basic statistics of 
these veneer pieces at different drying times.

General statistics about the 100 x 100 mm2 veneer pieces measured. n is the number 
of specimens. Standard deviations are in parentheses.

DRYING TIME 
[min]

n TEMPERATURE [°C] MC [%] DENSITY [kg m-3]

1 396 52.2 (4.8) 39.4 (6.6) 515.4 (22.5)
2 440 60.0 (4.8) 21.0 (6.5) 513.9 (18.5)
3 352 76.0 (7.7) 6.2 (4.1) 515.7 (19.9)
4 484 86.4 (9.0) 2.4 (2.2) 511.9 (21.6)
5 308 91.3 (7.9) 0.9 (0.8) 518.2 (21.7)
6 484 94.9 (5.6) 0.5 (0.3) 510.6 (20.3)

Table 4 shows the average temperatures over the veneer pieces measured by IR 
and the physically measured MC and density. The average and standard devia-
tion of MC at each drying time reflect the properties of veneer dryer. Naturally, 
the longer the drying time the smaller is the veneer MC standard deviation. Den-
sity variations are small which makes it almost impossible to study whether 
temperature data is dependent on density. The temperature difference is ap-
proximately 43 °C between the temperatures after drying for 1 minute and after 
6 minutes. The temperature measurement accuracy given by the camera manu-
facturer is ±2 °C so this can be considered to be negligible compared to the tem-
perature difference between the MC groups. 
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Fig 6a shows, as an example, a sequence of thermal images from different ve-
neer sheets after different drying times (from 1 to 6 minutes), whilst Fig 6b
shows the corresponding veneer MCs determined using the Gaussian model.

a) Thermal images of veneers after drying times ranging from 1 to 6 minutes. The 
drying times are in the upper left corner of each veneer image; b) Corresponding MCs calculated 
with the Gaussian model. The temperature [°C] and MC [%] scales are on the right side of the 
images. The black lines separate the veneer sheets after different drying times.

From Fig 6a it can be seen that the longer the drying time, the higher the veneer 
temperature. In Fig 6a and 6b in the middle of the veneer there is an area of 
lower temperature and veneer MC. This phenomenon is thought to arise from 
the properties of the research scale veneer dryer used in this study. The uneven
temperature and MC distribution is a result of the distance that the veneer 
moves continuously up and down in the dryer and the dimensions of the two jet 
boxes inside the dryer.

In an industrial environment, this phenomenon will not occur similarly in a jet 
dryer because the veneer is constantly moving forward rather than back and 
forth. When looking at the veneer sheet after 3 min drying time, temperature 
differences can even be observed where the air leaves the nozzles of the jet 
boxes. When the drying time is longer the temperature variation in the veneer 
sheet seems to become smaller and after 6 min drying time the temperature is 
almost constant. This shows that this technique provides a good way to explore 
temperature differences even between quite small areas.
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4.2.2 Relationship between temperature and MC of veneer

Fig 7a shows the average temperature and MC of the pieces over the 100 x 100
mm2 area of the specimens after 0, 30 and 105 seconds cooling and in Fig 7b the
temperature after 0 s cooling against density is plotted. The test set of data is 
shown in each case.

a) Averaged temperature of veneer pieces vs. MC after 0, 30 and 105 s cooling. 
Gaussian model fitted to all sets and NN model fitted to 0 s cooling data set; b) Averaged tem-
perature of veneer pieces vs. density after 0 s cooling

The test data covers the veneer MC range from 45 % to 0 % quite well. Fig 7a
and the curve on the most right, shows that there is a non-linear relationship 
between the average temperature of the pieces and MC. Dai et al. (2009) also 
showed that the relationship between veneer surface temperature and MC dur-
ing drying is mainly dependent upon average veneer MC. Initially the veneer 
has a high MC and it is warming up, so at this stage drying is quite slow. Then 
the drying speed becomes more-or-less constant until a MC of around 10 % is 
attained. Below 10 % MC, the drying speed slows down indicating that the rest 
of the bound water is not so easily removed. Fike et al. (2004) explained this by 
saying that the diffusion of water to the surface cannot keep pace with surface 
evaporation at higher temperatures. The surface reaches a more uniform tem-
perature when the differences in evaporative cooling are removed.

At the latter stages of drying, part of the dried veneer sheet is already at zero MC 
before the end of the drying period and so the temperature still continues to rise 

a 

b 
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even though the MC cannot go any lower. When the veneer MC falls to around 
zero, the temperature of the pieces ranges from 80 °C to 110 °C. When evapora-
tive cooling ends signifying that the veneer MC is near to zero, the temperature 
rises quickly. 

Fig 7a also shows that variance is higher when the temperature is lower. When 
variance is not constant in data used for modelling it is called heteroscedasticity 
(Yan et al. 2009). Sometimes heteroscedasticity makes data analysis more dif-
ficult. Before modelling, the standard correction for this kind of heteroscedastic 
data is that X is raised to the power of 2 (Yan et al. 2009). But since this proce-
dure did not reduce RMSE, this operation was not carried out before modelling
the data. Also some outliers are seen, probably due to the wrong measurement 
of gravimetrically determined data values.

When the veneer cools (data recorded after 30 and 105 seconds) it seems that 
the relationship between temperature and MC becomes more linear and there 
is less variation in the data. At the same time the slope becomes steeper signify-
ing that a smaller temperature change leads to larger MC change. This means 
that the models will be more unstable. (This is also seen later in Fig 9 which 
shows that the RMSE of the model increases when the veneer cools.)

Although López et al. (2013b) found that wood density could be estimated using 
IR technology, in this study no relationship between temperature and density 
could be found as Fig 7b shows. As mentioned before the range of density is 
narrow which makes the modelling difficult.

4.2.3 Modelling the IR data

Two types of non-linear models were fitted to the IR and reference MC data. 
First a feed forward NN with one hidden layer was trained to train data with 
different numbers (between 1 and 10) of hidden layer neurons. The trained NNs 
were tested with test data and the RMSEs were calculated. It was found that the 
RMSE of models was lowest when there were two hidden neurons. Then the 
RMSE was 2.6 % for the test data. 

Also a one term Gaussian model was fitted to the data. Equation 6 shows the 
results (a1 = 47.86; b1 = 40.19; c1 = 23.16) (See general Equation 4):

= 47.86 × .. (Equation 6)

Thus, in the Gaussian model used in this case, there were only three parameters 
to estimate. The R2 was 0.92 and RMSE was 4.4 % for the training data.

Fig 7a and data recorded at 0 s shows that both models are almost identical 
when fitted to the test data. The most remarkable difference is that the NN fit 
gives higher MC values between 70 and 80 °C.
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Table 5 shows the RMSE for the test data used with both models. When meas-
uring veneer MC after the veneer dryer, most of the veneer MCs are typically 
below 10 % and so in Table 5, the RMSE for MC below 10 % are also shown 
separately. 

RMSE for NN and Gaussian models for the test data

PIECES SHEET
ALL MC [%] MC < 10 % [%] ALL MC [%] MC < 10 % [%]

NN RMSE 2.6 1.5 1.9 1.2
GAUSSIAN RMSE 2.5 1.5 1.8 1.2

Table 5 shows that for the individual veneer pieces both models have essentially 
the same error. For the Gaussian model the error with the training data was 
bigger, but the Gaussian model seems to have good generalization ability be-
cause, for the test data, the RMSE is at the same level as that of the NN model. 
The RMSE is, however, lower if it is calculated only from veneer pieces in which 
the true MC is under 10 %. Typically, averaging decreases the error values since 
more data means more accurate estimates. There is less deviation in the data 
when the true MC is lower and that is why the RMSE values are lower. 

In Fig 6b the estimated MC values given by the Gaussian model over the whole 
veneer sheet were presented. MC predicted by the model varies over the veneer
sheet. In practice even small high MC peaks could be detected. Detected high 
MC peaks could be taken into an account in further veneer processing, for ex-
ample preventing veneer going directly into adhesive spreading and hot-press-
ing where high MC could cause problems.

4.2.4 Sensitivity of IR measurements

Previously Nyfors (2000) noted that the IR method is dependent on the effects 
of the surroundings (e.g. temperature). So the sensitivity of the model to 
changes in the time of image capture was investigated. In practice this means 
that since during drying and on the grading line there will always be, for various 
reasons, brief stoppages, the times of image capture will not be the same. To test 
this, IR data (i.e. temperature data from the video images) captured at various 
time steps from 0 to 100 s in the video sequence were fed into the NN model 
and the RMSE was calculated. The results are shown in Fig 8.
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IR images fed to a zero time step NN model at different times vs. RMSE

From Fig 8 it can be seen that RMSE increases rapidly after the first 5 seconds 
of video recording time. Since the cooling was so rapid, some of the observed 
deviation in the data can be attributed to differences in the time taken to put the 
veneer in place for the recording, and the start of the IR data recording, even 
though the same procedure was used each time.

The percentage change in RMSE versus recording time is again given in Fig 9. 
The difference between Fig 9 and Fig 8 is that in the latter, the relationship be-
tween temperature and veneer MC is modelled with the Gaussian model at each 
time interval using the data recorded at that point. 

Percentage change in RMSE when modelling the data recorded at different time steps
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When looking at Fig 9, it can be seen that the RMSE of the model is smallest 
when the veneer temperature is measured straight after drying. After that, the 
RMSE becomes greater at each recording step. After ten seconds, the RMSE has 
increased by approximately 25 % compared to the smallest RMSE, when the 
modelling was conducted right after drying. 

Both Figs 8 and 9 suggest that when estimating veneer MC using IR, the meas-
urement should be performed as soon as possible after drying, when veneer 
temperature is highest. During cooling information is lost and the accuracy of 
the model decreases. So when considering veneer MC measurement after the 
drying machine, the positioning of the IR camera should be such that problems 
in the drying process do not affect the measurement result or the effect is mini-
mised. Based on these tests, the best place is probably right after the veneer 
dryer, or maybe even inside the dryer before the cooling unit. Unfortunately in-
side the dryer it is difficult to find a place for IR sensor where all the veneers in 
the dryer could be measured. IR measurement could be applied to the dryer 
which is furnished with single deck outfeed line in the “Zig-Zag” dryer. In the 
roller dryer, solution would be quite complicated because of several decks.

The results indicate that when estimating veneer MC, higher moisture contents 
can be more reliably measured using IR than with measurement methods based 
on microwave technology. However measuring higher MCs is not as important 
as when measuring the dry veneer MC after the dryer. Also the accuracy of the 
IR based system is a bit lower than the microwave based systems.

The advantage of an IR system is that it is relative simple. Suitable IR cameras 
are available for purchase at relatively low cost and only software for data anal-
ysis is then required. In contrast, microwave based systems are more complex 
(tailored sensors, electronics and so on), than IR systems. An additional ad-
vantage is that the spatial resolution of IR measurement is potentially far better 
than that of microwave-based technologies. An IR camera could have for exam-
ple 640 x 480 pixels, so if all of these (or nearly all) could be utilized, for exam-
ple, over a 1600 x 1600 mm2 veneer sheet, the spatial resolution could be as 
small as 1600 mm/480 = 3.3 mm.

4.3 Characterising veneer strength properties with LCD and GA
measurement

In addition to veneer MC, the veneer strength properties are important in rela-
tion to veneer handling in the process and, more importantly, with respect to 
the end product properties. In many mills, the Metriguard DME is used in 
strength grading. Depending on the mill in question, density, modulus of elas-
ticity or combination of these is used in grading. However, whilst a veneer may 
be dense, its strength along grain may still be poor if the GA is large. If LCD is 
large the shear strength of plywood will be low. That is why LCD should be 
measured also.
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4.3.1 Reference LCD data

The average reference LCD in the different veneer groups soaked at different 
temperatures is presented in Table 6.

Average and standard deviation of reference LCDs. Standard deviations are in paren-
theses (n = 5/group)

SOAKING
TEMPERATURE [°C]

NUMBER OF LATHE 
CHECKS/50 mm

LCD [% of veneer 
thickness]

20 90 78.0  (8.2)
40 98 60.2  (9.1)
70 146 39.7 (10.5)

Table 6 shows that soaking temperature has an impact on LCD; the higher the 
soaking temperature the smaller the LCD. The LCD in the veneer from logs 
soaked at 20 °C is almost twice as high as in veneer from logs soaked at 70 °C. 
Also the LCN/specific length is higher when the LCD is lower, which supports 
earlier findings by Koch (1965) and Dupleix et al. (2013). Visually this can be 
seen in Fig 10 as it shows representative examples of veneer in the 20 °C and 70 
°C groups. In the veneer produced from logs soaked at 20 °C, the lathe checks 
are infrequent and the LCD is high. In contrast, in the 70 °C group, the lathe 
checks are more frequent the LCD is low. Sometimes in veneer produced from 
logs soaked at 70 °C, the measurement of LCD may be difficult because the lathe 
checks may be very near to each other. Further details can be found in Paper III.

Characteristics of veneer LCDs in veneers soaked at 20 °C (left) and 70 °C (right)

4.3.2 LCD measurements using trans-illumination imaging

Figure 11 shows, as an example, images taken from samples in the 20 °C and 70 
°C groups. The main phases of the image analysis procedure can be seen from 
images. First, in Figures 11a and 11e, the initial images of the veneer, without 
any processing, are shown. As may be observed from these two mages, the lathe 
checks can be discerned, but after filtering (Figs 11b and 11f, the checks are 
clearly more visible and are observed as brighter horizontal lines inside the illu-
minated area. As may be seen, in the 20 °C group, the lathe checks appear to be 
longer and broader, whilst in the 70 °C group the lathe checks are quite small 
and are not so clearly visible. The lathe checks follow the same pattern as those 
shown in Fig 10, namely that in the veneer produced from logs soaked at 20 °C 
group, the checks are farther apart from each other whilst in the veneer from 
logs soaked at 70 °C group, the distance between the checks is lower. The corre-
sponding binary images are shown in Figs 11c and 11g, in which the lathe checks 
are highlighted using the image analysis techniques. Now the lathe checks can 
be clearly identified visually. In the 20 °C group (Fig 11c) the area of the largest 
check is clearly larger than in the 70 °C group (Fig 11g) where more numerous 
smaller checks can be seen. The area of the largest check shown in Fig 11c is 
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1902 pixels, whilst in Fig 11g the area amounts to 458 pixels. In the figures, the 
checks are marked with white arrows.

a) An example from the 20 °C group of a grey-scale video frame before filtering b) an
example from the same group after filtering, c) the corresponding binary image differentiating the 
lathe checks, d) the corresponding binary image identifying the elliptical illuminated area; e) An
example from the 70 °C group of a grey-scale video frame before filtering f), an example from the 
same group after filtering, g) the corresponding binary image differentiating the lathe checks, h)
the corresponding binary image identifying the elliptical illuminated area.

In Fig 12, the average reference LCD values as a function of the average lathe 
check area of the training set determined through the image analysis process 
can be seen. The analysis is based on data shown in Paper III.
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Figure 12. Reference LCD as a function of sample average area of recognized lathe checks (n 
= 26)

From Fig 12 it can be seen that the relationship between the area of the lathe 
checks and the reference LCD is approximately linear. When the reference LCD 
increases, the measured area of the also lathe checks increases. A greater depar-
ture from the trend line can be seen when the reference LCD values lie approx-
imately between 60 and 80 %. One source of this divergence could be differ-
ences in the dye penetration into the veneer samples when the LCD is high. If
the dye does not properly penetrate deep checks, the measured reference LCD 
will be lower and therefore the slope of the trend line will be biased. From expe-
rience, it is sometimes difficult to get the dye into bottom of checks especially 
when the LCD is high. There always remains some question over whether the 
checks are properly dyed or not. 

The relationship between the area of the lathe checks and the reference LCD was 
modelled by LMS linear regression. The data follows the form (Equation 7)

LCD = 0.099ALC – 33.86 (Equation 7),

where ALC is the area of lathe checks.

The R2 of the estimated regression model is 0.87 and the RMSE 7.4 %. Previ-
ously, Tomppo et al. (2009) measured LCD from 1.5 mm thick dry birch veneer 
using contact ultrasound. When modelling the relationship between LCD and 
the ultrasonic parameters, the best R2 for the model was 0.47. However, the re-
sults are not directly comparable since the nominal thickness of the birch ve-
neers in that study was 1.5 mm.

Wang et al. (2001) measured the LCD in 2.5 mm thick Douglas-fir veneer (MC 
7 %) using acoustic-ultrasonic and stress wave methods. When modelling the 
relationship between the acoustic-ultrasonic parameters and the LCD the best 
R2 of the model was found to be 0.52 and the best R2 of the model using the 
relationship between the LCD and stress wave parameters was 0.63. At 0.87, 

1

3
4

6

1

4 6 1 1 14

Re
fe

re
nc

e 
LC

D 
[%

]

Area of Lathe Checks [pixels]

38



the R2 of the regression model of the method presented in this study is greater 
than the R2 found in previous studies.

et al. (2007; 2010) described the SMOF device for LCD measurement, 
in which a green veneer strip is bent to open-up the lathe checks using a 70 mm 
diameter pulley for veneer >3.0 mm in thickness. In this study the diameter of 
the sample guide used was 122 mm. The sample holder was used to open-up the 
veneer to improve the contrast. A larger pulley diameter carries lower risk of 
damage to the samples. However these methods are not directly comparable
since the wet veneer used by et al. (2007; 2010) may be twisted more
than the dry veneer used in this study. Another advantage of the method pre-
sented here is that it is independent of the sample cutting quality since the im-
ages are not obtained from the cross-section of the veneer. In addition, the GA
of veneer can be obtained simultaneously using the method presented in this 
study.

The GA of the samples was measured from the same video frames used to meas-
ure LCD, though using different image analysis techniques. Figs 11d and 11h il-
lustrate the elliptical illuminated area that was identified by image analysis in 
veneer produced from logs soaked at 20 °C and 70 °C. In Fig 11h the GA is 
greater, most probably because of the manual sawing process used in the sample 
preparation process, in which some of the veneers may have been tilted to a 
greater extent than others during sawing. If the orientation of lathe checks is 
compared to the ellipse seen in Figs 11d and 11h, then it can be noted that the 
lathe checks approximately follow the grain direction.

When Söyrilä et al. (2000) examined the accuracy of the method they presented, 
the average absolute error was found to be 1.1 °. They also noted that an ad-
vantage of the method is that the ratio between the major and minor axes of the 
illuminated ellipse is greater, than in methods which rely upon reflected scat-
tered light. This of course helps when determining the orientation of the major 
axis of the ellipse. A further advantage of this method is that it describes the GA 
throughout the whole thickness of the veneer.

Fig 13 shows the average GAs of 15 samples. As mentioned previously, the GAs 
differ from each other due to the manual sawing process. The standard devia-
tion is quite low because GA does not change too much over the 50 mm width 
of the sample.
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Average GA of the 15 samples. The error bars are ± standard deviation of each sam-
ple.

In veneer-based manufacturing processes, an appropriate solution would be if
the GA over an entire veneer sheet could be ‘mapped’. Then the GA could be 
used to estimate the strength properties of the veneer sheets.

In general heterogeneous materials scatter and absorb light randomly. How-
ever, the fibres in wood have a certain orientation and this orientation affects 
the way in which the light propagates in the material. Knots and other wood 
defects distort the orientation of the fibres in their vicinity. In the radial or tan-
gential plane, the scattering pattern of incident light takes the shape of the 
aforementioned ellipse. According to Simonaho et al. (2004) and Kienle et al. 
(2008) the reason for this is that the cell walls and the cell lumens act as optical 
waveguides, which stretch the circular illumination pattern in the direction of 
the fibres and this in turn can reveal the grain direction. Thus the orientation of 
the scattering pattern on the surface of wood is related to the GA.

4.4 Adhesive spread rate estimation

4.4.1 Estimation of adhesive spread rate with uniform spreading

Gluing is the final process stage which can significantly affect the strength prop-
erties of veneer-based products. There must be an appropriate adhesive SR level 
on a veneer surface before lay-up, pre-pressing and hot-pressing. In addition 
the adhesive SR must be distributed equally on the surface of the veneer. Since 
the cost of adhesive forms a relatively large part of the total production costs, 
measuring and controlling the adhesive SR should be an important part of the 
process. If adhesive SR and veneer MC are optimised, the pressing stage should 
be straightforward. The results of the adhesive SR measurement method devel-
opment in this study are presented in this section and further details are to be 
found in Paper IV.
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Fig 14, (left side column) shows representative images taken from veneers with 
adhesive uniformly spread at rates of 50, 100, 150 and 200 g m-2 to visualize 
how the images change as a function of adhesive SR. As may clearly be observed,
the intensity increases as the adhesive SR increases. This means that the fluo-
rescence emission is greater when the adhesive SR is greater.

Left column: Fluorescence images of different adhesive SRs using uniform spread-
ing. Right column: Fluorescence images of different adhesive SRs using line spreading.

From Fig 14 (left column) it can also be seen that within the image there is var-
iation in adhesive SR. The most probable reason for this the manual adhesive 
spreading method used in this study. The adhesive was difficult to spread uni-
formly on the veneer sheet at especially higher SRs. However, it was found that 
the total error from the size of the veneer and total amount of adhesive applied 
was only 4 g m-2 which is quite small.

Intensity data from these kinds of images (Fig 14, left column) were then aver-
aged to see the relationship between image intensity and adhesive SRs. Fig 15
shows the average intensity of the fluorescence images from the veneers versus 

 g -  

1  g -

1  g -

 g -

  

41



the SR for each adhesive, at SR from 50 to 200 g m-2, together with veneers 
without adhesive. The data used in Fig 15 is presented in Paper IV. Fig 15 clearly 
shows that the average intensity of the fluorescence images is dependent upon 
the adhesive SR. What may also be observed from Fig 15 is that the variability 
in intensity increases, as seen in the error bars in which become wider at higher 
SRs.

The wood auto-fluorescence is also observed, so that even with no adhesive the 
veneer displays an intensity of approximately 15 units. When developing this 
measurement method, it is necessary to ensure that the auto-fluorescence of ve-
neer is much weaker than the adhesive fluorescence. From Fig 15 it may be seen
that the auto-fluorescence of wood can easily be detected. Even at a SR of 50 g 
m-2 the total fluorescence level was approximately twice as great as that of the 
wood itself, suggesting that auto-fluorescence need not influence the detection
of even low adhesive SRs.

 

Adhesive SR as a function of intensity average (n = 30 images/SR) of images. Error 
bars are ± standard deviation.

To model the relationship between image intensity and adhesive SR, LMS re-
gression was performed and a second order polynomial fitted to the data (Equa-
tion 8). Equation 8 provides a simple model that could be used in practical sys-
tems to quantify adhesive SR from fluorescence intensity. With this camera and 
the settings used in this study, the data follows the form:

SR = -0.018I2 + 4.68I – 80.12 (Equation 8),

where SR and I are the spread rate and image intensity, respectively.

The key result arising from Fig 15 and Equation 8 is that adhesive SR can be 
reliably estimated from the fluorescence image intensities. For the regression 
model, the R2 is 0.98 and the RMSE 13.0 g m-2, suggesting that this type of ap-
proach has potential. Previously, using the same principle, Morris et al. (1998)
were able to accurately measure the thickness of a plastic film from the intensity 
of fluorescence.
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One explanation for the response being non-linear is that in most cases cameras 
are designed to match the nonlinear response of the human eye. Another possi-
ble source of the reduced response could be the ‘inner filter’ effect, where a sig-
nificant portion of the illumination or emitted light is absorbed whilst passing 
through the adhesive film (Lakowicz 1999). The same phenomena (the response 
being non-linear with higher thicknesses) was also noticed by May and Casacia 
(1989). In order to avoid the inner filter effect, the adhesive should be clear and 
the concentration of the dye kept as low as possible to minimize absorption. 
Further details may be found from Paper IV.

4.4.2 Estimation of extruded spread rate from adhesive line width

Fig 14 (right hand column) shows representative examples of extruded adhesive 
lines at different SRs. As was seen in the case of uniform adhesive spreading, 
the auto-fluorescence of the veneer was very weak. As can be seen from Fig 14 
(right column) there is also good contrast between wood and adhesive which 
makes it easy to distinguish the adhesive lines from the veneer using image anal-
ysis techniques.

Figures 16a and 16b shows adhesive SR as a function of the average intensity of 
the images and the average adhesive line width.

a) Adhesive spread rate as a function of average intensity and b) average adhesive 
line width of adhesive lines. Error bars are ± standard deviation. (n = 20 images/SR).

In uniform adhesive spreading, only image intensity needs to be utilized. How-
ever, when analysing line images from the simulated extruder, it was found that 
the geometrical features of the adhesive line could also be utilized in addition to 
the adhesive line intensity. Both the intensity (Fig 16a) and the adhesive line 
area (Fig 16b) appeared to change linearly with SR.

As in the case of uniformly spread adhesive, the deviation increases when the 
SR increases. Again, some of the deviation is most probably due to manual sam-
ple preparation. In practise, the values of the geometrical features of the adhe-
sive line would be dependent on the properties of the extruder and the time be-
tween extrusion and imaging. There were only three SRs used in this study but 
it suggests that any one of the features could predict SR quite well. The features 
correlate well with adhesive SRs; Pearson correlations between intensity and 
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43



area being 0.89 and between intensity and line width 0.88 (N = 60 adhesive 
lines). Furthermore according to a one-way-ANOVA all the features at different 
spread rates differ from each other with statistical significance (p = 0.0000; =
0.05). Further details can be found from Paper IV.

These results show that fluorescence based adhesive SR measurement method 
could be an alternative solution to spectroscopy based methods. The main dis-
advantage of spectroscopy based method presented by Mbachu and Congleton 
(2006) is the low resolution. The spot size for one sensor was 161 cm2 in their 
study. However with current spectral imaging techniques the low resolution 
problem can be overcome as shown by Hirvonen (2015).

4.4.3 Impact of open time on fluorescence emission

Image intensity change as a percentage from the original intensity as a function of 
adhesive open time at a SR of 150 g m-2. Error bars are ± standard deviation.

Finally the effect of open time on fluorescence emission was studied. This infor-
mation might be utilized in plywood production during process delays. When 
there is stoppage in the process, it might be possible for the image to indicate 
when the adhesive has over-penetrated or dried-out enough to compromise the 
bond. One of the main goals in veneer-based products processing is to accelerate 
curing in order to reduce production times (Schmidt et al. 2010). This in turn 
will increase the risk of over-curing when longer process stoppages occur before 
the pressing stage. 

Fig 17 shows that there is a relatively linear decrease in fluorescence intensity 
with time. This is most probably due to the penetration of the adhesive into the 
veneer over time. If the adhesive flows into the lumens below the wood surface, 
both illumination and emitted light will be blocked by the wood and so this ma-
terial will yield lower intensities. Drying and curing of the adhesive could also 
potentially have an effect on the fluorescence properties.
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5. Conclusions

5.1 Overview of study

In this study an assessment of the accuracy and precision of industrial MC and 
SG measurement systems was presented. The main conclusion was that the ac-
curacy and precision of industrial MC and SG measurement devices were found 
to be good but the spatial resolution could be improved.

Furthermore three proof-of-concept stage measurement systems were pre-
sented. These showed promising results and with further research and develop-
ment, they could be utilised in on-line measurement systems in the veneer-
based industry. With IR technology, the MC of veneer was estimated with rea-
sonably good accuracy; however the accuracy was not as good as with the mi-
crowave-based industrial measurement systems. Using birch veneer, the RMSE 
with the IR method was found to be 1.2 % and with the microwave based indus-
trial measurement unit it was between 0.5 and 0.7 %. The advantage of IR tech-
nology is the better spatial resolution that it provides in comparison to the mi-
crowave-based technology.

The LCD and GA of veneers were estimated with a simultaneous measurement 
based on laser trans-illumination imaging. Lathe checks must be opened 
slightly to make them more visible and with the image analysis the lathe check 
area could be determined. Lathe check area was strongly correlated with the 
reference LCDs which were measured manually. The RMSE of this method was 
7.4 %. With different image analysis, GA was also estimated. As always, each 
method has its advantages and disadvantages. For example, ultrasonics can be 
used in air coupled mode meaning that the measurement set-up is non-destruc-
tive and the veneers are not bent at all. The method presented in this study is 
non-destructive but it does rely on the veneer being opened a bit to make the 
lathe checks more visible. On the other hand the laser trans-illumination 
method is more accurate than ultrasound method. Veneer bending does not, 
however, prevent the development of the method into an industrially viable on-
line measurement system, but it may make it more difficult.

The SR of urea formaldehyde adhesive was estimated using fluorescence. The 
intensity of a fluorescence image was correlated with adhesive SR. A macro-
scopic fluorescence system was developed and the imaging area was approxi-
mately 1 cm2 in this system. The RMSE of the system was found to be 13 g m-2.
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Furthermore, adhesive penetration into veneer could be detected from fluores-
cence images taken over time. Accuracy of the method was found to be good but 
method is only suitable for clear adhesives which is problem in veneer-based 
products production process where phenol formaldehyde glue is typically used.

5.2 Limitations and future work

The limitation concerning the accuracy and precision study (Paper I) is that the 
tests were made under laboratory conditions. Under industrial conditions there 
are more temperature and humidity changes than in the laboratory and also the 
presence of dust and dirt on the sensors in an industrial environment will cer-
tainly affect the measurement results. Although the number of veneers that were 
tested was quite small, it did lead to quite significant number of measured ve-
neer pieces. Nevertheless, when compared to the amount of veneer measured in 
industry, the amount was small.

A limitation of these methods is that they are still at the proof-of-concept stage. 
All the methods need more research and development to fully evaluate their 
suitability as industrial real-time measurement systems.

The downside of measuring veneer MC with IR technology (Paper II) was found 
to be its sensitivity to environmental conditions. It was found that the higher 
the temperature difference, the better the measurement works. For the future 
work it remains to be seen whether the temperature difference in industrial dri-
ers is large enough after the cooling unit. Another option would be to place the 
camera so that a greater temperature difference exists. One option could be to 
combine IR and microwave measurements. The IR measurement would provide 
better space resolution and with the microwave measurement, the MC value 
would be scaled to the true value since environmental conditions do not affect 
microwave based measurements as much. Furthermore, with the IR technique 
the drying quality within a veneer sheet could be assessed more readily than 
with the microwave technique because of the more limited space resolution of 
the latter.

The limitation of LCD simultaneous LCD and GA measurement system (Paper 
III) is that the measurements were done on dry veneer. Tests must also be made 
using wet veneers. The appropriate pulley diameter for different veneer thick-
nesses must be determined for both wet and dry veneers. The future develop-
ment of the measurement system would be a more controlled and stable veneer 
travel where the distance travelled is also known. When veneer travel is auto-
matic and stable, an appropriate sampling rate could be determined.

The natural future work of estimating adhesive SR using fluorescence would be 
to scale-up the system to an industrial scale. With automated adhesive spread-
ing, research and development into the system would be easier. The optimal 
amount of fluorophore for each application must be estimated. Also the added 
cost of the fluorophore must be taken into account. The limitation of the system 
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that has been presented is that it is suitable only for adhesives that are transpar-
ent so that the fluorescence emission can be seen with a detector. However this 
system could also be utilised in other fields within the wood industry other than 
in the processing of veneer-based products.

Since wood is a very heterogeneous material the remaining factor is what is the 
correct amount of adhesive for each point on the veneer surface. An appropriate 
adhesive SR must be estimated with some type of measurement which takes into 
account the chemical properties of the veneer surface. Then adhesive spreading 
must be performed accordingly that measurement system. In an optimal sys-
tem, the adhesive SR will also be measured and there is feedback to the adhesive 
spreading device to control the adhesive SR.
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