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1. Introduction
1.1. Product description
Tarkett is a worldwide leader of innovative and sustainable flooring and sports surface solutions
(Tarkett.com, 2015). One of the product types Tarkett produces is an engineered wood floor board. In
general, the boards consist of four layers: top, middle, bottom and finishing layer. The top layer is made
of valuable hardwood species in form of 3 - 4 mm thick lamellas. The second layer is made of less
valuable softwood laths, while the third layer is made of a softwood veneer. The finishing layer is a
lacquer, which is applied on the top layer. The construction solution of an engineered wood floor board
is shown in Figure 1.

http://www.deparketpro.nl/deparketpro.nl/images/duoplank/lamelparket.png

Figure 1: Engineered wood floor board construction: finishing layer (F), top layer (1), middle layer
(2) and bottom layer (3).

1.2. Production description
The top layer part of the production begins with a raw material storage. Raw materials are hardwood
laths which are partly naturally dried at the storage. Depending on the time they were kept at the
storage and their moisture content, hardwood laths are dried in the kilns for a certain period of time.
Dried hardwood laths are planed, cross-cut and rip-sawn in order to produce lamellas. They are
inspected and classified according to different wood features at the lamella sorting station and after that
joined together cant-wise to form a top layer surface. The top layer is assembled together with a middle
and bottom layer to form a whole floor board construction. After that, the next operations are
6

lacquering line and the surface quality inspection on semi-finished flooring boards. These boards are
further processed in a CNC profiler in order to get the joining profile on the cants. Another surface
quality inspection is done at the packaging line. Final audit is done at the finished goods storage (Figure
2).

Figure 2: Hardwood top-layer material flow (Dobić J.).

1.3. Problem statement
The lamella sorting station is the first inspection step. The sorting operation is semi-automated where
the inspection is done by human operators while the lamellas are continuously transported on a
conveyer. The operators sort lamellas according to various features of wood such as colour, presence of
knots, cracks etc.
Basic classification of the cracks that occur in lamellas is according to their acceptability. The rules of
acceptability are established according to findings of the quality inspection after the finishing line. The
cracks that are acceptable are usually completely filled and covered with a lacquer while the
unacceptable cracks become tangible in the finished floor board. Therefore, lamellas with the acceptable
cracks are let through by the operators to the further processing while those with the unacceptable are
put aside to be reworked. However, if thin and small, both types of cracks are hard to identify with the
manual inspection. Of course, lamellas with fine but acceptable cracks, no matter if they reached further
processing being previously noticed or not, do not make problem in the final product. The problem is
when a lamella with the unacceptable crack (or cracks) is not noticed and reaches further processing.
The description of the crack acceptability is given in Figure 3. An acceptable crack is the crack that
approximately: has a thickness less than 0.2 mm (a), has an angle that has a horizontal side not longer
7

than 7 mm (b), is not longer than 20 mm in the longitudinal direction (c) and is found not closer than 5
mm from the edge of the lamella (d). The crack is regarded as unacceptable if any of these four
characteristics is crossing limits. The majority of cracks occur at the foresides, i.e., cross-section of the
lamellas but they can be found at the sides and/or at the faces of the lamellas as well. Also most of the
cracks follow wood rays.

Figure 3: Example of an unacceptable crack that is hard to detect with the manual inspection.

There are three operations of a surface quality inspection that are done after the finishing operation: the
first operation is done right after the lacquering line, the second operation is done at the packaging line
while the third, final, inspection is done under the finished goods audit. At the moment this thorough
inspection of the surface quality is needed in order to avoid defected floor boards, in terms of crack
presence, reaching the customer. Nevertheless, this type of inspection costs and engages resources.
Additionally there are required costs and resources for the rework of all the floor boards containing
surface defects, which add up as well. Tarkett has estimated possible savings of 100 000 euros per year
for the production of 2 million square meters of floor boards if there was no rework of the surface
defects and not taking into account additional costs for the rework of lamellas with cracks.
A more sophisticated mean of crack detection, that will complement already existing manual inspection,
is needed at the lamella sorting station in order to decrease the number of unnoticed lamellas with
cracks reaching the rest of the process. The requirements for the inspection technology are:
•
•
•
•

High accuracy and precision
Short inspection time (around a few seconds or less)
Non destructive
Immunity to the acceptable cracks
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Taking into account all the requirements of the production, two thermography methods were identified
and chosen to address the problem: on-line and ultrasound-excited thermography. Bucur (2003)
describes different methods and approaches for non-destructive characterisation and imaging of wood.
The characteristics and previous work in the field of thermography is given in Chapter 2.2.2. Ultrasound
excited thermography method will also be referred to as UET method throughout the text.

1.4. Objectives
The main objective of the project was to compare an on-line and ultra-sound excited thermography
method with regards to their accuracy and precision in classifying 3 mm thick oak lamellas in terms of
crack presence. The side objective was to complete a comparative analysis between the two
thermography methods with respect to the requirements of Tarkett, therefore assessing their
applicability to it.

1.5. Scope of the work and limitations
The scope of the work was to test a sample of 450 lamella specimens and to do a repeatability test with
two methods: on-line and ultrasound excited thermography. Within the scope was the development of
experimental setups for image acquisition and a threshold based classifying algorithm. Also included in
the scope were a validation of the algorithm performance and a calculation of the accuracy and precision
for both methods.
The scope did not include a multivariate data analysis on findings and results of the validation step. Nor
did it include exact explanations of all the phenomena that occurred during tests from the perspective of
physics and thermodynamics.
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2. Background
2.1. Splits and checks
Splits and cracks that occur in wood are defined as separations or ruptures in the wood grain that lower
quality of wood products in terms of strength, appearance or utility (Lamb, 1992). They occur in wood
for various reasons and can be classified according to their origin into:
•
•
•
•

Resource based splits and cracks
Processing based splits and cracks
Changing moisture content based splits and cracks
Use based splits and cracks.

Resource based splits and cracks occur in standing trees and logs. Reasons for their occurrence are
related to the environment conditions, growth stresses or the activities of various microorganisms.
Typical rupture is a ring shake which is a longitudinal separation of wood fibers in the tangential
direction, i.e., follows a growth ring (Lamb, 1992).
Processing based splits and cracks are damages developed during the conversion of green lumber into
finished products. Depending on a type of conversion the processing based splits and cracks can be
divided into: drying related and machining related damages. Typically, moulding and planing are
machining processes where loosened grain can occur. Drying related damage can be further divided
into: surface checks, end checks and internal checking (Honeycomb). Unlike the loosened grain and ring
shakes, the drying ruptures occur in the radial direction, i.e., perpendicularly to the growth rings (Lamb,
1992).
Wood products are exposed to various environmental conditions along the wood processing chain such
as in processing plants, storage areas, shipment and final use of finished products (Lamb, 1992). Roughly,
changing moisture content based splits and cracks can occur because of three reasons:
•
•

Equilibrium moisture content of the environment is lower/higher than the moisture content to
which the product was dried,
Cycling environment conditions.

Improper design and mechanical damage due to handling, transporting or installing are the reasons for
occurrence of use based splits and cracks.
Additional background about splits, cracks, delamination and other debondings in wood and wood-based
panels is provided by Bucur (2011).
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2.2. Heat transfer
Some basic facts related to heat transfer are presented below. Thermal properties of wood are to a
certain extent described by Dinwoodie (2000) and Glass et al. (2010).
The exchange of thermal energy is described by heat transfer. There are three basic mechanisms or
modes of the heat transfer: radiation, convection and conduction. Thermal radiation is an energy
emitted by matter with electromagnetic waves as carriers so no medium is required for this type of heat
transfer. Convective exchange of heat is a heat transfer from one place to another, initiated by
movements of fluids. It is present in both fluids and gasses. Conduction occurs within a solid or between
two solids that are in a thermal contact.
If an incident flux of light reaches a surface of a body and is being 100% absorbed, the body is called
blackbody and Φi = Φa, where Φi and Φa are the incident flux and absorbed flux, respectively. The
blackbody concept is an idealization, i.e., it does not exist. Real surfaces are different since the incident
flux of light is partly absorbed while the rest of the light flux is either or both transmitted and reflected
from the surface. Hence, there are three fractions of the incident flux that appear, after it reached a real
surface: reflection, transmission and absorption. According to Maldague (2001), reflected flux does not
affect the object, and absorbed flux increases the internal energy and thus the temperature of the
medium, and at thermal equilibrium, following the energy conversation law, all energy exchange is
compensated mutually: The flux incident Φi is equal to the flux reflected Φr, absorbed Φa, and
transmitted Φt.
Emissivity is the property of the material that describes its effectiveness in energy emission from its
surface in terms of thermal radiation. It is expressed as a ratio between the thermal radiation from the
surface of the material and the thermal radiation of a black body which is unity. For the temperatures
close to the room temperature this thermal radiation is within infrared spectrum while in case of much
hotter objects this range of radiation expends towards visible spectrum so it becomes visible by the
naked eye.
Thermal conductivity of a body or a material represents its ability to conduct heat flux through its
volume. It is expressed as a quantity of heat conducted in a certain time through a slab of material of
certain area and certain thickness when there is a temperature differential between the two faces of a
slab (Dinwoodie, 2000). It has units of watts per meter per Celsius degree. Thermal conductivity of wood
depends on its: temperature, moisture content, density, fibril angle, extractive content, structural
irregularities and anatomical direction. Thermal conductivity increases as temperature, moisture
content, extractive content and density of the material increases. There is no substantial difference in
thermal conductivity along the radial and tangential directions of wood while the conductivity in axial
direction is 1.5 to 2.8 times greater than conductivity across the grain (Glass et al., 2010). If compared to
most of metals, wood has a low thermal conductivity and is therefore regarded as a thermal insulator.
For comparison, thermal conductivity values of pure aluminium, oak wood and air are 202, 0.17 and
0.024 W/m∙°C respectively (Holman, 2014).
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Thermal diffusivity of a material is the measure of speed at which it is able to adapt its temperature to
surrounding temperature, i.e., until a thermal equilibrium is reached. It is proportional to the thermal
conductivity and inversely proportional to the product of density and heat capacity of the material. A
high thermal diffusivity of a material can indicate a high value of thermal conductivity or low volumetric
heat capacity (Holman, 2014).

2.3. Thermography
Thermography is a non-destructive test method used on various types of materials and objects in order
to collect information about their temperature but also about the structure below their surface. It is
used for medical and research purposes but it has an industrial application as well where it can be used
for quality control processes. In material science it is widely used for non-destructive inspection of
different types of metals, plastics, composites, wood etc.
Thermography methods are based on infrared technology and can provide the data about subsurface
structure of a material by observing differences in thermal emission from the surface where infrared
cameras are used to record the data. The emission depends on heat conduction that occurs in the
material. Depending on the way the heat transfer is generated, thermography methods are divided into
passive and active. An active thermography method implies there is an external energy source which
raises a temperature of an object and initiates the heat transfer in it. The transfer within the material is
dependent on its physical properties like thermal conductivity and diffusivity, density, moisture content
etc. As shown in Figure 4, if the defect below the surface has better insulating properties than the rest of
the material, it usually acts as a barrier for the heat transfer. Therefore, the resulting emissivity from the
surface above the defect is higher (Meinlschmidt, 2005).

Figure 4: Principle of subsurface detection using thermography (Meinlschmidt, 2005).

The passive thermography methods, unlike the active, have no external energy excitation. The thermal
emission of the objects with a certain temperature is observed when it is found in colder surroundings.
The example of passive thermography industrial application is when the products that are coming hot
from one process into the other, are observed as they cool down. Different cooling of the surface gives
information about the possible defects below the surface. The surface above the defect appears as a
12

cold spot. Due to the defect, the heat of the core material cannot reach the surface as fast as in an
undisturbed material (Meinlschmidt et al., 2006).

Figure 5: Principle of the passive thermography (Meinlschmidt et al., 2006).

Active thermography methods can be further divided depending on the placement of an IR camera and
energy source; placed on a same side (reflection mode) or on opposite sides (transmission mode) of the
test piece (Berglind, 2002). Variants of the active thermography methods are: pulse, step heating, lock-in
and vibro thermography (Maldaque, 2001).
Typically, a heat transfer can be initiated by external energy excitation using an electromagnetic
radiation or ultrasound. Infrared cameras are devices used for thermal imaging and similarly as the
common cameras that form images using visible light, infrared detectors are sensitive to the infrared
part of the thermal radiation, i.e., a range between visible and microwave radiation of electromagnetic
spectrum (wavelengths 760 nm - 1 mm). Results from infrared testing are usually obtained by means of
image processing and analysis. For further reading about thermography, infrared technology and image
analysis there are literature available describing these concepts (e.g. Maldaque, 2001; Kaplan, 1999;
Minkina et al., 2009; Gonzales et al., 2010; Russ, 2011).

2.3.1. Previous work related to wood
Thermography has already been applied in wood science and wood industry to address different types of
problems. The following are some examples of previous work related to wood. Berglind et al. (2003)
were using pulsed, heating up and lock-in thermography for the purpose of detecting glue deficiency in
laminated wood. Sembach et al. (1997) used lock-in thermography to detect air channels beneath the
surface of medium density fibreboards and chipboards. Wu et al (1995) used lock-in thermography to
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detect different structure of the wood substrate beneath laminated veneer. Meinlschmidt (2005) used
on-line thermography to detect defects in wood and wood-based materials. Lukowsky et al. (2008) used
ultrasound excited thermography to detect defects in wood and wood based materials.

2.3.2. On-line thermography
On-line thermography is a non-contact testing method where the test piece is transported on a conveyor
belt while passing below a heating source and an infrared camera. The heating source is an infrared lamp
that irradiates and heats up a surface of the test piece, therefore initiating a heat transfer in it. The
amount of energy irradiated is higher than the one obtained with flash lamps in pulsed thermography.
This is a very important aspect when inspecting materials with lower thermal conductivity such as wood.
Higher amount of energy is needed in order to initiate a heat transfer that will reach higher depth
therefore it is a better choice for insulating materials such as wood. The energy is brought to the test
piece as long as it passes below the lamp and it depends on the conveyor velocity. When the initiated
heat transfer reaches a structure with different thermal properties it changes speed, therefore an
emission from the surface of the object is influenced accordingly. The differences in emission are
observed with an infrared camera. An on-line thermography setup for detecting debondings and
structural faults within laminated material is shown in Figure 6.

Figure 6: On-line thermography setup (Meinlschmidt, 2005).
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2.3.3. Ultrasound excited thermography
The ultrasound excited thermography (UET) is one of the variants of vibrothermography. Unlike the most
of thermography methods, the ultrasound excited thermography is a contact method. A sonotrode is
brought to a physical contact with a test piece in order to excite the object with a mechanical wave. The
heat is generated locally in the cracks and/or other disbonds by friction where a direct conversion of
mechanical into thermal energy occurs (Maldaque, 2001). A friction motion between the two faces of a
crack is initiated when a low-frequency ultrasound wave propagates through a test piece. Hence, this
vibrational energy is converted into heat. The initiated heat transfer results in a heat emission from the
surface of the object. A local increase in temperature is reached within a few milliseconds and is imaged
by an infrared camera as a bright IR source on a dark background (Cho et. al, 2007). A general description
of UET thermography setup for detecting debondings and structural faults within a wooden material is
shown in Figure 7.

Figure 7: Ultrasound excited thermography setup: a) supporting frame, b) test piece, c) ultrasound
sonotrode and transducer, d) ultrasound generator, and e) infrared camera and a control unit.
(Lukowsky et al. 2008)
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3. Material
The sample was comprised of 450 oak (Quercus sp.) top layer lamellas. The thickness, width and length
of the lamellas were 3, 67 and 304 mm, respectively. Dimension variations were: in thickness ± 0.1 mm,
in width ± 0.2 mm, in length ± 0.5 mm. These 450 lamellas were divided into 3 groups of 150 lamellas
each:
•
•
•

1st group - 150 sound lamellas (no cracks)
2nd group - 150 lamellas with cracks that are unacceptable
3rd group - 150 lamellas with cracks that are acceptable.

4. Methods
4.1. Sampling
The sample was chosen by workers from the lamella sorting station according to the aforementioned
classification rules. Individual perception of cracks and sampling mistakes are discussed in Chapter 4.4. In
order to assure reliable traceability and positioning, every lamella was marked with a unique ID and
colouring using permanent markers. The ID markings were put on both foresides therefore being
invisible in thermographic images. Red and black colouring was put on sides as shown in Figure 8 in order
to ensure a correct orientation of the lamellas during tests, i.e., the lamella was always observed from its
face. The first of the four ID digits denoted belonging to one of the three groups while the following
three digits denoted the ordinal number within a group.
•
•
•

1st group: 1001, 1002,…, 1150
2nd group: 2001, 2002,…, 2150
3rd group: 3001, 3002,…, 3150.
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Figure 8: ID and colour marking for the first lamella in the first group (1001) – Black and red permanent
colour on the sides and ID markings on both foresides.

4.2. Image acquisition – experimental setup
4.2.1. Climate
The specimens were kept in the testing laboratory over the course of 19 days. Therefore, they were
conditioned according to the climate in the laboratory. During this testing period two climate
parameters, temperature and relative humidity, were measured and recorded with a data logger.
Measurements were taken every 10 minutes.
The climate was not constant and was influenced by the outside climate and the laboratory next to it. In
the laboratory there were windows along one of the walls, one door leading directly outside the whole
building and one door leading to the other laboratory with higher humidity climate. Therefore the
climate changes depended on the frequency of opening the two doors and both outer climates. Some
descriptive statistics of two climate parameters in the testing laboratory are given in Table 1.

Table 1: Descriptive statistics of the two climate parameters
Temperature [°C]
Rel. humidity [%]

Mean
20.95
31.27

Median
21.13
31.06

St. Dev.
0.92
1.27

Range
5.44
6.87

Min.
18
27.88

Max.
23.44
34.75

Average equilibrium moisture content of specimens (EMC) can be estimated if taking into account
average value of both climate parameters rounded up to the closest integer. It roughly corresponds to
6.3 % EMC of the specimens.
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4.2.2. On-line thermography
Equipment used in the on-line thermography is listed in Table 2. As a complement to Table 2, Figure 9
describes the on-line thermography experimental setup.

Table 2: List of the equipment used in on-line thermography.
Label
a
b
c
d
e
f
g
h
i

Name
Infrared lamps
Conveyor
Infrared camera
Lens
Temperature calibration device
Control unit
Infrared camera supporting frame
Infrared lamps supporting frame
Aluminium shield

Type
Heraeus mid-wave CARBON twin tube IR emitter.
Belt conveyor.
IRCAM Geminis 327k ML pro, (640 x 512 pixels), 25mK.
MWIR; f/1.5; f = 28mm.
IRCAM compact blackbody.
Panasonic Toughbook 31.
/
/
/

Figure 9: On-line thermography test setup – objects (a)-(i) are listed in Table 2.
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There were four goals to achieve within the image acquisition part in favour of facilitating the image
processing and evaluation part. In order to achieve these goals, six parameters had to be adjusted. Table
3 describes the influence of each parameter on the particular goal and also the required parameter
adjustment.
Table 3: The goals, influencing parameters and the required parameter adjustment to reach the goals.
Goal
I.

Reduction of warm edges effect.

II.

High energy deposition
surfaces of specimens.

III.

Reduction of “salt and pepper” noise.

IV.

Avoiding the geometric distortion
within the ROI.

on

the

Parameter
Distance between infrared lamp and infrared camera
Belt conveyor velocity
Distance between the infrared lamp and belt conveyor
Belt conveyor velocity
Frequency of the infrared camera temperature calibration
Distance between infrared camera and belt conveyor
Number of frames per second of the camera

Adj.
↓
↑
↓
↓
↑
↑
↑

I. Reduction of warm edges effect
A warm edges effect represents brightening of the edges of lamellas (Figure 10). It was out of the scope
of this thesis to reach the exact reasons for this phenomenon occurrence. Potential reasons are briefly
discussed in Chapter 6.1. Still, the warm edges effect had to be tackled by adjusting the experimental
setup. The effect had to be diminished since these areas usually have similar temperatures as the cracks.
The effect was time dependent, observing from the experimental perspective. As observed in Table 3,
there were two parameters influencing the warm edges effect. Also, a trade-off had to be made in the
case of the belt conveyor velocity parameter. Increasing it would have diminished the effect but it also
influenced another goal. Increasing the belt conveyor velocity would decrease the amount of energy that
the specimens received at its surfaces. On the other hand, increasing the distance between the infrared
lamp and infrared camera would increase the warm edges effect. Therefore both aforementioned
parameters were kept at their minimum possible values.
The conveyor belt velocity was set to 6 m/min since lower velocity than that would result in an unstable
belt movement. An aluminium shield was mounted on the camera supporting frame in order to reflect
away the infrared waves that were irradiated from the infrared lamp directly towards the infrared
camera. In other words, the aluminium shield prevented a direct influence of the infrared lamp to the
infrared camera. Nevertheless, the distance between the infrared lamps to the infrared camera was 500
mm, since that was a limit distance below which the aluminium shield could not prevent the direct
radiation influence from the infrared lamp. With the given belt conveyor velocity and the horizontal
distance between the infrared lamp and camera, image acquisition moment was 5 seconds after the
beginning of radiation.
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a) Velocity: 10 m/min; Distance: 1 m

b) Velocity: 8 m/min; Distance: 2 m

c) Velocity: 6 m/min; Distance: 3 m
Figure 10: Experimental design of warm edges effect dependence on conveyor belt velocity and
distance between infrared lamp and infrared camera. This effect is smallest in a) and biggest in c).
II. High energy deposition on the surfaces of specimens.
The amount of energy received by the specimen can be increased by slowing down the speed of the
conveyor belt and decreasing the distance between the infrared lamp and surfaces of specimens. As
mentioned above, velocity of the conveyor was set to 6 m/min. Vertical distance from the infrared lamp
to the belt conveyor was 130 mm. Vertical distance from the infrared lamp to the surface of the
specimens was 120 mm as the specimens were positioned and transported on MDF boards.
III. Reduction of salt and pepper noise
The “salt and pepper” noise cannot be avoided in the images but can be decreased by calibrating the
infrared camera (Figure 13). The noise is represented with black and white pixels superimposed on an
image (Gonzales et al. 2010). Temperature calibration of the infrared camera specifies the temperature
range to be observed. It was done once every hour during the tests. The calibration was done with a
blackbody calibration device by setting the temperature range between 15 °C and 40 °C.
IV. Avoiding the geometric image distortion within the lamella ROI
The vertical distance from the infrared camera to the surfaces of lamella specimens was 760 mm. This
distance was chosen with regard to the field of view. The infrared camera lens was creating the
geometric distortion towards corners and sides of the images and the field of view had to be adjusted so
the object of interest, i.e., lamella specimen was not influenced by the distortion. Therefore lamella
specimens were covering less area in the field of view which of course, negatively influenced the spatial
resolution of the images. It was set to a value of 37.9 ppi, of maximum possible 53.5 ppi if specimen
length covered the whole width of an image. See Figure 11.
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Figure 11: An image from a sequence for lamella specimen 2099 which is positioned vertically in the
middle. The distortion due to camera lens is visible towards the sides and corners of the image.
Lengths of the lamella specimens are parallel to the width of the image (640 pixels).

The lamella specimens were not transported directly on the conveyor belt but were positioned on a
medium density fiber (MDF) boards in order to insure as exact positioning as possible during the tests.
This was done with the aim of avoiding that lamella specimens overlap with distorted parts of the
images, therefore simplifying later image processing and evaluation work. As the ID labelling of the
lamella specimens were not visible, additional marks with ID labels were put at corresponding spots on
MDF boards. This additionally prevented mistakes with traceability (Figure 11).
On-line thermography tests were recorded as image sequences. Frame rate adjustment of the camera
was done using IRCAM software package where its maximum is 100 frames per second. However,
sequences could not be recorded at this frequency since there was a limit in internal memory of the
control unit. Tests for on-line thermography were recorded with three sequences which equalled to 150
lamella specimens per sequence. Therefore with given velocity of the conveyor and a space to fit one
specimen on it, which were 6 m/min and 0.1 m respectively, one sequence equalled to approximately 2.5
minutes. For that reason recording frequency had to be low enough to ensure that the one single
sequence could fit the memory of the control unit. On the other hand having a very low recording
frequency could have implied that no image from the sequence would have a particular lamella
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specimen positioned in the middle of the field of view (Figure 11). Therefore, recording frequency of the
sequences was kept at the frame rate of 20 images per second.
After the sequences were recorded, one raw file per specimen was exported from the sequences using
IRCAM software. The raw file for a particular specimen was exported as an image from a sequence
where that specimen is positioned in the middle of the field of view. These raw files were input material
for the image processing and evaluation part of the method.

4.2.3. Ultrasound excited thermography
Equipment used for the ultrasound excited thermography is listed in Table 4. As a complement to Table
4, Figure 12 describes the ultrasound excited thermography experimental setup.
Table 4: List of the equipment used in ultrasound excited thermography.
Label
a.
b.
c.
d.
e.
f.
g.
h.

Name
Ultrasonic transducer and a sonotrode
Ultrasonic generator
Infrared camera
Lens
Temperature calibration device
Control unit
Vise
Supporting frame

Type
Hielschler ultrasoncs (1000 W/20kHz).
UIP 1000.
IRCAM Geminis 327k ML pro, (640 x 512 pixels), 25 mK.
MWIR; f/1.5; f = 28mm.
IRCAM compact blackbody.
Panasonic Toughbook 31.
/
/

The experimental setup of the ultrasound excited thermography was static in terms of specimen
positioning during sequence recording, i.e., all the specimens assumed the same position in front of an
infrared camera. Exact positioning of the lamella specimens was secured using a vise with a 125x5 mm
groove in it. The specimens had to be firmly positioned with the vise because a high intensity mechanical
wave tended to shake the test piece if not fixed. This of course led to a loss of information about the
area of the test pieces covered with the vise.
The transducer and sonotrode were resting on the lamella specimens without any additional pressure,
therefore ensuring that constant pressure was applied throughout testing. Generated power of the
ultrasound wave was 1000 W, which was the maximum power of the ultrasound generator. The
maximum power of the ultrasound wave was used since the empirical conclusion during pre-testing was
that the temperature level and the speed of temperature rising in the crack area were positively
correlated with the ultrasound power.

22

Figure 12: Ultrasound excited thermography experimental setup - objects (a)-(h) are listed in Table 4.
The ultrasound signal triggering was manual so there was no exact timing control during the test.
Nevertheless, excitation time per specimen was up to 3 seconds. The image acquisition moment was at
300 milliseconds after the beginning of excitation. The reason being that with this power of the
ultrasound a relatively short period of excitation was needed to initiate a friction, i.e., to raise the
temperature in the cracks and other loose material. Based on the empirical data during pre-tests, the
contrast difference between the crack and sound areas of the lamella specimens was the highest at this
moment. Images acquired after this moment have shown much more bright/hot spots due to heat
transfer throughout lamella specimen, which would make image processing and evaluation a more
difficult task. Horizontal distance between the test pieces and the infrared camera lens was 600 mm,
which gave a spatial resolution of 47 ppi.
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Image sequences for this method were recorded individually for every lamella specimen and were
relatively short compared to those of on-line thermography. Nevertheless these sequences of images
were recorded with a same frame rate as in on-line thermography. For every specimen a single image
was exported from a sequence as a raw file.

4.3. Image processing and evaluation
A classifying algorithm was developed and written in Matlab 2013b software package (Mathworks,
2015). The parts of the algorithm that are described below were used for both methods: lamella region
of interest coordinates definition, mask coordinates definition, loading and reading of raw files, median
filtering, cropping a lamella region of interest, setting a threshold and mask application.
The region of interest (ROI) in an image was the area of a lamella specimen. During the image processing
for on-line thermography, the ROI was interactively chosen. There were several reasons for this. Firstly,
the movement of the conveyor belt and the frame rate of the recording were not synchronized. Also,
positioning of lamella specimens on the MDF boards and placement of the MDF boards on the conveyor
belt were relatively inaccurate. Therefore, adjustment of ROI coordinates had to be done for every
lamella specimen. In the ultrasound excited thermography experiments, the ROI was chosen
automatically since the positioning was accurate for all lamella specimens.
The raw files were read as 16 bit images of 640*512 pixels. Images could display 216 = 65 535 gray scale
values. Nevertheless, the infrared images contained a relatively narrow gray scale range. This width in
the on-line thermography method was around 4000 gray scale values ranging from approximately 11 000
to 15 000. The width of the gray scale value range in the ultrasound excited thermography was around
400, ranging approximately between 7800 and 8200.
A median filter was used in order to remove salt and pepper noise that was present in the images.
Median filtering of images was performed using the default 3-by-3 neighbourhood kernel. Salt and
pepper noise is shown in Figure 13.

Figure 13: Salt and pepper noise
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An adaptive threshold approach was applied after cropping a lamella ROI where a threshold was put on
top of 99% of all pixels in the cropped image.
A histogram and ROI display of the whole intensity range for the lamella specimen 2008 are given in
Figure 14a. The result of the thresholding was a binary image of a lamella ROI (Figure 14b) where values
of zero were assigned to all pixels having gray scale values below the upper limit and values of one to all
pixels having gray scale values above the upper limit.

a)

b)

Figure 14: UET method test of the lamella specimen 2008. a) Histogram and ROI display of a whole
data range. b) Threshold and a binary image and the positions of masks.
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The masks covered the regions under the sonotrode and around the vise in the UET and the warm edges
in the on-line thermography method. The masks had to be applied in both methods in order to exclude
parts of lamella ROI that were too bright. Otherwise, objects, that in most cases were not cracks, would
be identified in every image. To set a mask, regions specified by masks coordinates were addressed and
pixels within it were multiplied by zero. Figure 15 shows the results of masking in the UET method.

Figure 15: Masked binary image of the lamella specimen 2008.

4.4. Validation of the image evaluation
A validation of the image evaluation implied a comparison of the test results to an actual state of lamella
specimens in terms of the crack presence, their number and positions. The comparison led to a
classification of every test result into one of the four possible observation types: true positive, false
positive, true negative and false negative. The actual state of the lamella specimens was established by
observing them with a microscopic camera.
Since the sampling was done manually with the naked eye, there was a possibility of discovering some of
the lamella specimens from the first group that actually had cracks. These lamellas were therefore reclassified into a separate group of lamellas with cracks based on the validation findings.
Both methods were correctly classifying a certain number of observations with cracks as true positives
but for the wrong reasons, i.e., identifying other objects, not cracks, in the images. These observations
were re-classified into false positives. A detailed explanation of the observation classification is given in
Table 5.
Table 5: Re-classification of true positives (TP) into false positives (FP) was done when validated test
result had shown that a method hadn´t detected any cracks but just other objects. In other cases
observations were classified as TP.

VALIDATED
TEST RESULT

Single crack
Multiple cracks
Other objects
Single cracks + other objects
Multiple cracks + other
objects
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ACTUAL STATE
Multiple
Single crack
cracks
TP
TP
/
TP
FP
FP
TP
TP
/

TP

4.5. Classification accuracy and precision
For both methods the following were calculated: classification accuracy with a margin of error and
precision with a margin of error.
Classification accuracy of a method represents the accuracy of performed image acquisition, processing
and evaluation on the chosen sample. It was calculated and presented for each method using a
confusion matrix. By comparing the actual state with the test result, each observation can be classified as
one of the following: true positive, false positive, true negative or false negative. See Table 6.

Table 6: Example of a confusion matrix.
ACTUAL STATE
ACTUAL +
ACTUAL -

TEST +

Σ True positive

Σ False positive

TEST -

Σ False negative

Σ True negative

TEST
RESULT

Σ True positive + Σ True negative
Σ All observations

ACCURACY

A margin of error was calculated (2) in order to estimate the performance of the classification algorithm
for the whole population of lamellas. (1). Confidence interval of 95% was used in the margin of error
calculation. In other words, in 95 out of 100 cases, the classification accuracy for the whole population of
lamellas (𝐴𝐴𝑝𝑝 ) was expected to be found in a certain range around the classification accuracy on the
sample level (𝐴𝐴𝑠𝑠 ):
𝐴𝐴𝑝𝑝 = 𝐴𝐴𝑠𝑠 ± 𝑚𝑚

(1)

where the margin of error (m) was calculated in a following way:
m = 𝑍𝑍𝛼𝛼� ∙ �
2

𝐴𝐴𝑠𝑠 ∙ (1 − 𝐴𝐴𝑠𝑠 )
𝑛𝑛
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(2)

where:
𝑍𝑍𝛼𝛼� is a number of standard errors away from the 𝐴𝐴𝑠𝑠 . On a 95 % confidence level: Zα�2 = 1.96,
2
𝐴𝐴𝑠𝑠 is the accuracy on the sample level,
𝑛𝑛 is the sample size: 450.

The range, where the 𝐴𝐴𝑝𝑝 value was expected, is graphically presented (Figure 16):

Figure 16: Classification accuracy with the margin of error on a 95% confidence level.

An estimation of precision was done in order to establish the level of repeatability of two methods
regardless of the classification trueness. In other words, if the method gives the same but wrong result
every time by inspecting the same specimen, its precision is 100%.
The estimate of precision of a method was calculated using results from a reproducibility test. There
were five specimens (lamellas) from each of the three groups and they were tested with the same
experimental setup four times i.e. four replicate experiments. It means that there were five specimens
without cracks and ten specimens with cracks. The result of the replicate experiment was one of the four
observation types that a method could give after validation: true positive (TP), false positive (FP), true
negative (TN) and false negative (FN). A replicate experiment of those five specimens without cracks
could result as either TN or FP. An experiment of a specimen with cracks could result as a TP, FP or FN.
An individual precision result was obtained from four replicate experiment results for each specimen and
the result was a percentage of the most occurring type of observation. Therefore, the precision result of
a single specimen with cracks was 100% if all four replicates were of the same type of observation. The
example shown in Table 7 describes how the precision of a method was estimated. The precision of a
method was estimated by averaging from 15 individual specimen precision results.
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Table 7: Estimation of the precision of a method.
Specimen type
With cracks
Without cracks
With cracks
With cracks
Without cracks

Replicates
1st

2nd

TP
FP
FN
TP
TN

TP
FP
FP
FN
TN

3rd

4th

TP
TP
FP
TN
FN
FP
FP
FP
TN
TN
Precision [%]

Ind.
prec.
[%]
100
75
50
50
100
75

Margin of error of the precision estimation (3) was calculated in the following way:
𝑚𝑚 = t α�2,(n−1) ∙

𝑆𝑆

√𝑛𝑛

(3)

where:
t α�2,(n−1) or a t-score is a number of standard errors away from the estimated precision for a sample. On
95 % confidence level and a sample size of 15: t α�2,(n−1) = 2.145,

𝑆𝑆 is a sample standard deviation,
𝑛𝑛 is a sample size: 15.

95% confidence interval for the estimated precision (4) was calculated as follows:
𝑃𝑃𝑝𝑝 = 𝑃𝑃𝑠𝑠 ± 𝑚𝑚
where:
𝑃𝑃𝑝𝑝 – precision for a whole population of lamellas,
𝑃𝑃𝑠𝑠 – precision on a sample level.
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(4)

5. Results
The main results are shown in Table 8. The on-line and UET thermography method are compared
according to the classification accuracy, estimated precision and margins of error. Details from the
precision calculation are presented in Appendix (Table 11).

Table 8: Main results – Classification accuracy and precision with margins of error for both methods.
On-line thermography
20.89
3.76
91.67
0.09

Accuracy [%]
Margin of error [%]
Precision [%]
Margin of error [%]

UET thermography
60
4.53
78.33
10.29

Total numbers of the 4 types of observations in both methods are displayed using confusion matrices in
Table 9. The on-line thermography classified 3 times more of false positives than the UET method.

Table 9: Confusion matrices of both methods.
On-line thermography
ACTUAL STATE
ACTUAL +
ACTUAL -

UET thermography
ACTUAL STATE
ACTUAL +
ACTUAL -

TEST +

67

289

200

94

TEST -

67

27

87

70

TEST
RESULT

After the validation step it was discovered that 32 lamellas from the first group actually had cracks and
were therefore, re-classified into a separate, 4th, group of lamellas with cracks. Hence, the first group had
118 lamella specimens without any cracks (Table 10).
Specimen distribution according to the type of observation is presented in Table 10. It can be observed
how many specimens from second, third and fourth group that were classified correctly but for wrong
reasons. These observations are found in the “false positive” column.
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Table 10: Distribution of four types of observations into four groups of lamella types for both methods.
TP – true positive; FP – false positive; TN – true negative; FN - negative
1st group (no cracks)

On-line

2nd group (unacceptable cracks)
3rd group (acceptable cracks)
4th group (re-classified lamellas)
𝜮𝜮
1st group (no cracks)

UET

2nd group (unacceptable cracks)
3rd group (acceptable cracks)
4th group (re-classified lamellas)
𝜮𝜮

TP

FP

TN

FN

\
46
20
1
67

91
63
106
29
289

27
\
\
\
27

\
41
24
2
67

118
150
150
32
450

TP

FP

TN

FN

\
85
95
20
200

48
23
17
6
94

70
\
\
\
70

\
42
38
6
86

𝜮𝜮

𝜮𝜮

118
150
150
32
450

6. Discussion
6.1. Image acquisition
The on-line thermography requires adjustment of more setup parameters than the UET method and in
that sense is more complicated. Still, less equipment development is needed for it to be implemented at
the lamella sorting station. Also a continuous inspection of the on-line thermography is an advantage as
the UET method implies fixed positioning of the specimens during inspection. On the other hand in the
UET method, beside less parameters that have to be adjusted, a development of setup solution is
needed in order to implement it in the factory.
What makes the UET a simpler method is the mechanism of how the energy is brought to a piece. By
applying the ultrasound wave a friction is initiated in the material wherever there is a disbond. In other
words, temperature is raised locally at the area of friction, i.e., cracks, loose fibers or wooden dust. The
friction area becomes visible instantaneously by an infrared camera. The problem with the on-line
thermography method is that a certain time is required to detect a crack at a certain depth. Due to the
nature of the heat transfer it is possible to extract the structure information in the depth of the material.
The depth of the detection or penetration depth is time dependent (Berglind, 2003). As the cracks were
found in the specimens at various depths, with the different angles, shapes and sizes, it is obvious that
there was not only one single moment of image acquisition that would result in a correct detection of all
types of cracks.
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Variability of the measurements done on the same test piece was higher in the UET method. It was
noticed that the precision of this method was to a large extent influenced by the initial temperature of
the specimens before the beginning of ultrasound excitation and image acquisition. Repeatability
experiments were done over a short period of time where the initial temperature of each specimen was
slightly different in every next test run. As the energy generated by the excitation, added up to the initial
temperature of the test piece, the results of classification varied similarly to the initial temperature
variation. Therefore, the classification algorithm detected either more objects or no objects at all in the
images. Another factor that influenced the variability of repeatability tests was the amount of wooden
dust that was released from the specimens. The amount of wooden dust was decreasing with every next
test run. Therefore less and less friction was occurring in the areas from which the wooden dust was
released.
Energy generated by the infrared lamps was higher and was equally heating up the whole surface.
Therefore, the variation of initial temperature of the test pieces had less influence on the results of
repeatability tests in the on-line thermography method.
The potential reasons of having the warm edges effect in the on-line thermography are based on the
observations from the images and can be addressed to different thermal properties of lamellas and
surrounding air and the preparations of specimens in terms of moisture content. Thermal conductivity of
wood is positively influenced by moisture content. Also higher thermal conductivity influences higher
thermal diffusivity. A slight moisture content gradient can be expected in the lamellas where central
parts have higher and outer parts lower moisture content. Therefore, outer parts would reach thermal
equilibrium slower than the inner parts resulting in higher temperatures at the edges. The effect is more
emphasized on the longitudinal edges, which is due to a two fold higher thermal conductivity of wood
along than across the grain (Figure 10).

6.2. Image processing and evaluation
The classifying algorithm was based on recognizing the cracks as objects, but not on extracting any other
information such as various characteristics of the cracks. For example a true positive would be assigned
to a lamella specimen with many cracks if the classifying algorithm found just one crack at the correct
position.
The image processing and evaluation approach, i.e., the classifying algorithm, resulted in a number of
false positives and false negatives in both methods, which decreased their classification accuracy. The
on-line thermography classified more false positives but less false negatives than the UET method.
The false positives were classified in the on-line thermography mostly due to the anatomical structure of
oak. Oak is a ring porous species with very wide early wood vessels which are filled with air when the
moisture content is below the fiber saturation point. As they extend longitudinally through lamellas they
act as obstacles to heat transfer. Therefore, the heat transfer similarly slows down when it reaches the
32

early wood zone as it would slow down when it reaches a crack. The heat emission is higher above these
areas which in the images results in pixels that have relatively high gray-scale values. If the emission was
equal or higher than that of the cracks, the algorithm would classify a particular observation as a false
positive.
The classification of false positives in the UET method was due to loose fibers and wooden dust. The
loose fibers are the fibers that are partially torn but still connected to the rest of the test piece. Also it
was noticed that the wooden dust was released out from the specimens, during the tests with the UET
method. The dust originated from the crushed early wood vessels which were grinded during the
production of lamellas. These small particles of the early wood vessels were still in place but completely
detached from the rest of the test piece. Therefore, both loose fibers and wooden dust heated up to
equally high or higher temperatures and very often sooner than the cracks, when excited with the
ultrasound wave. Logically, false positives were identified when the temperatures in these areas were
higher than around the cracks at the moment of image acquisition.
The reason why there were more false negatives classified by the UET than with the on-line
thermography method is related to the high temperatures at the contact areas of a test piece with the
sonotrode and the vise. When pixels in these areas accounted for more than upper 1% of all data points,
bright pixels of the cracks would have gray-scale values below the threshold. After applying the masks to
cover these areas, no objects were left in binary images. The order of operations within the classifying
algorithm is also an influencing factor for the false negatives classification in the on-line thermography
method. The difference compared to the UET method is that the warm edges were the excluded areas.
Smaller number of classified false negatives in the on-line thermography method is due to the
temperatures of the warm edges which were most of times lower than the temperatures around the
cracks.
Three parameters of the image processing and evaluation in the UET method can be varied in order to
affect the classification accuracy: threshold value, sizes of masks and the moment of mask application.
Chapter 1 describes how these three parameters were set for the purpose of this study. Setting a lower
threshold value would contribute to the classification accuracy within the second, third and fourth
group, i.e., the specimens with cracks. The classification accuracy within the first group would decrease
by lowering the threshold value as the number of false positive objects in the images would increase.
Vice versa occurs by setting a higher threshold value. The classification accuracy is also affected by
altering the sizes of masks. The better the masks cover the areas that constantly account for false
positives and the less information about the true positives they delete, the higher is the classification
accuracy. It makes a difference whether the masks are applied before or after thresholding. If applied
before, high gray scale values are excluded from the data points so the threshold would automatically be
set to a lower value. As mentioned earlier in the paragraph, this contributes to the higher classification
accuracy in the groups of lamellas with cracks.
The ideal inspection method would observe the whole lamella ROI when classifying the observations. In
the case of two presented methods a trade-off had to be made for certain areas within the lamella ROI,
in order to reach better results. These areas were bright in almost every image and in order to exclude
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them, they were covered with masks of black pixels (Figure 14). Taking into account the sizes, shapes and
the positions of masks, the UET has an advantage over the on-line thermography method. The warm
edges extended along the whole length of the lamellas in the on-line thermography method which
implies that the parts of the lamella foreheads that overlapped with the warm edges were covered with
the masks. Since the majority of the cracks were found precisely at the lamella foreheads, information
about some cracks was lost. The masks in the UET method do not cover lamella foreheads and very few
cracks were found below these excluded areas, so the mentioned trade-off was acceptable.

6.3. Validation
The criteria about the types of cracks, i.e., difference between second and third group, was not taken
into account for the validation of the algorithm classification findings and the accuracy calculation (Table
8). Rather, the presence of cracks was the criteria for assigning the positive and negative observations to
lamella specimens, where the positives were lamellas with cracks (2nd, 3rd and 4th group) and the
negatives were lamellas without cracks. Nevertheless, the individual performance of the classifying
algorithm in each of the four groups of lamellas was still observable (Table 10). When considering the
main results, one also has to have in mind the occurrence of different types of lamellas in the production
which is most probably different from the proportions within the tested sample.
Interesting findings of the validation step were the types of cracks that two methods were successfully
detecting. The on-line thermography method was in general more successful in detecting cracks that had
a large enough air gap and were approximately parallel to the surfaces of the specimens acting as
obstacles to heat conduction. On the other side, the UET method successfully detected all the cracks that
were loose enough to generate friction so there was no correlation between the successfulness of
detection and the width and the angle of the cracks. Therefore, the on-line thermography method was
more successful in the classification of true positives in the second group than in the third group (Table
10). From the point of view of the production requirements of Tarkett, this is an advantage over the UET
method which was almost equally successful in correctly classifying the lamellas from all the groups
(Table 10). In other words the on-line thermography was more immune to acceptable cracks. Still the
classification accuracy of the on-line thermography was much lower than that of UET method.
Most of the knots were not detected by any of the methods. A knot can be detected and classified by the
UET method as a false positive if the sides of it are loose.
It is important to note that the precision results were approximately normally distributed for the UET
method. Nevertheless this was not the case in the on-line thermography method, therefore it has to be
thought of when considering the precision margin of error for this method.
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6.4. Ethical assessment of the project
An ethical assessment of the research done under the project can be done according to European
commission (2013). The research done can be observed from the following ethical aspects: privacy and
data protection, research on animals and humans, dual use and protecting the environment.
Regarding privacy and data protection, research presented in this thesis does not reveal any information
regarded as confidential from any of the involving parties, therefore no misconduct related to this ethical
point was done.
Experiments were not including animals in any sense therefore discussion on this point is not needed.
Also humans were not directly subjected to experiments. Still the laboratory work was done by
researchers so the influence of ultrasound waves and infrared lamp radiation during the experiments can
be mentioned as two factors that could have influenced the health of those performing the experiments.
No possible dual use of the two methods was identified. The technology behind the two methods only
attended to address problems related to the crack detection in the top layer lamellas of Tarkett wood
floor boards.
Research conduct regarding environmental considerations can be assessed through consumed energy
during laboratory experiments. There was no exact track of the consumed heating and electrical energy
during the tests in laboratory. Nevertheless the experiments were done over 19 days so the size of the
environmental impact due to the consumed energy over this relatively short period can be neglected.
According to Resnik 1998, work done under this project can be observed and discussed from an ethical
point of view and in terms of: research misconduct (fabrication, falsification, or plagiarism) and
avoidance of errors and biases in collecting, recording, analysing and interpreting data.
The work done did not include any elements of research misconduct. There was no fabrication of the
results since there were no generated or made up results or other forms of dishonesty. There were 450
lamella specimens that were tested with both methods in order to assess their accuracy in detecting
cracks. Also four replicate experiments were done for 15 lamella specimens to estimate precision in both
methods.
There was no falsification of the results as well. Following example describes a research approach that
was behind the experiments, hence clearly proving there was no falsification of the results. The
specimen with ID number 2045 was damaged during experiments in on-line thermography where it got
cracked. Since the on-line thermography recording was done before the damage occurred but UET
experiments were yet to happen, the observation was not comparable between the two methods.
Therefore a spare lamella specimen from the second group had to be chosen and recorded with both
methods. The chosen spare lamella was marked with 2045 and an on-line thermography experiment was
repeated.
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The acknowledgments found at the beginning of the thesis represent a way of crediting exactly who
participated and contributed with the ideas, work and other means of support. Additionally, references
were carefully put to all relevant parts of the thesis that are actually intellectual property of other
people. With these two points it is clear that avoiding plagiarism has been thought of throughout the
project.
Errors and biases in collecting, recording, analysing and interpreting data can happen due to inherent
characteristics of the systems but also due to sloppiness, lack of carefulness, skills or other constraints. It
can be regarded as an ethical conduct or misconduct depending on which of these caused errors and
biases. Nevertheless according to ethical conduct, reporting this data must be honest, objective and
careful.
Possible errors could have occurred during sample collection since the lamella specimens were chosen
by several sorting operators that each has a slightly different judgement about what represents a crack
or whether it is an acceptable or unacceptable crack. For the most of lamella specimens, all operators
would agree and assign it to the same group but there is a certain number of specimens that the
operators would disagree on. Of course, this type of bias to some extent influences the results but is also
something that couldn´t be avoided due to subjectivity of the matter. As mentioned in the introduction
chapter (1.3), sizes of cracks that occur in lamellas are different, of which some are very hard for the
operators to detect. The separate group of 32 lamella specimens with cracks, re-classified from the first
group, is an example of the collection bias. The reason behind this bias is not a deliberate action of the
operators to wrongly classify lamellas but the inability of human vision to recognize such small cracks.
If the bias is an inherent part of the system it cannot be regarded as an ethical misconduct. On the other,
side if the bias of the system can be handled but for some reason is not, it can be discussed about
possible ethical misconduct. It depends on whether the cause for it is sloppiness, lack of carefulness or
dishonesty. An example of recording bias in this particular research is “salt and pepper” noise created by
the infrared camera that cannot be excluded completely from images (4.3). Still, as the amount of this
noise in images can be diminished by careful and frequent thermal calibration of the infrared camera it is
obvious that an additional error to the bias can be avoided.
The image processing part of the analysis in on-line thermography method carried a source of an error
that is related to choice of region of interest (ROI) in an image. As explained previously in chapter 4.3,
ROI was chosen interactively in each image. Carefulness and objectivity of the researcher were crucial in
order to avoid errors that would influence the results.
The validation of image evaluation was the part of the project which carried several potential sources of
errors. Chapter 4.4 describes reclassification of some true positives into false positives. Re-classification
of these observations substantially decreased the accuracy of crack detection in both methods. Still this
had to be done in order to avoid misinterpretation and reach honesty and objectivity of the reported
results.
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The project can be ethically assessed from another perspective as it could lead to possible industrial
applications of the technology presented. Possible energy savings related to the rework of finished floor
boards and better use of the raw material, are important environmental considerations. Also as
mentioned before, technology was seen as a complement to already existing manual inspection, not
attending to replace it. Therefore it would not cause less need for workforce.

7. Conclusions
The main conclusion is that the ultrasound excited thermography is more suitable method for the crack
detection and classification of lamella specimens. Other conclusions that address the objectives of this
study are listed below.
•
•
•
•

•
•

The classification accuracy of the UET compared to the on-line thermography method is almost
three times higher.
Even though the precision estimates are high for both methods the one of the on-line
thermography method is slightly higher.
The inspection speed of both methods is high enough to match the needs of the production
capacity.
The possibility of the ultrasound excited thermography method to detect almost any kind of
crack can be regarded as a disadvantage from the perspective of production requirements of
Tarkett.
The on-line thermography has a high sensitivity to density of wood and inability to detect very
fine cracks without an air gap.
The UET testing setup compared to the on-line thermography method needs more development.

8. Future work
Multivariate data analysis in terms of principal component analysis (PCA) can be done in order to find the
correlation between the results of classification with the characteristics of cracks. Beside the general
classification, whether it is an acceptable or unacceptable crack, characteristics such as the angle, length
and width of the cracks can be measured since the microscopic images were taken for all the present
cracks in lamella specimens.
Another digital image processing approach can be developed in order to improve the accuracy of lamella
classification. Gradient information from edge-feature detectors could be combined with the
information from the adaptive thresholding. Also, different classifiers could be combined for an
improved result.
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A detection of characteristics such as an angle and width of the cracks could bring sufficient information
about the crack acceptability. The immunity towards acceptable cracks could be possibly improved if this
information could be paired with findings of the ultrasound excited thermography method. Therefore,
the future work in this sense could be in analysing the visible light camera images of the lamella
foreheads where the visibility of cracks at the lamella foreheads could be improved with their shadow,
initiated with a directed visible light flux at a small angle towards the lamella forehead.
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Appendix
Table 11: Precision calculation for both methods.
Specimen ID

On-line

1146
1147
1148
1149
1150
2146
2147
2148
2149
2150
3146
3147
3148
3149
3150

UET

1146
1147
1148
1149
1150
2146
2147
2148
2149
2150
3146
3147
3148
3149
3150

Replicates
1st
FP
FP
FP
FP
TN
FN
TP
FN
FN
FP
FP
FP
FP
FP
FP
FP
TN
FP
TN
FP
FP
TP
FN
TP
FN
TP
TP
TP
TP
FP
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2nd
FP
FP
FP
FP
FP
FN
TP
FN
FP
FP
FP
FP
FP
FP
FP
FP
FP
TN
TN
FP
FN
TP
FN
TP
FP
TP
TP
TP
FP
FP

3rd

4th

FP
FP
FP
FP
FP
FP
FP
FP
TN
TN
FN
FN
TP
TP
FN
FN
FN
FN
FN
FN
FN
FP
FP
FP
FP
FP
FP
FP
FP
FP
Precision [%]
TN
FP
FP
FP
TN
FP
FP
TN
FP
TN
FN
FN
TP
TP
FN
FN
TP
TP
FN
FP
TP
TP
TP
TP
FN
TP
TP
FP
FP
TP
Precision [%]

Ind.
prec.
[%]
100
100
100
100
75
100
100
100
75
50
75
100
100
100
100
91,67
75
75
50
75
75
75
100
100
100
50
100
100
75
50
75
78,33

