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ABSTRACT

Currently computed tomography (CT) scanning provides a non-destructive method to determine
moisture content in wood in three dimensions. With the current methodology two measurements
are needed, one with the scanned piece of wood’s moist state and one after drying. Then the
difference of the images can be calculated. The drawback and challenge is that dimensional
changes due to shrinkage of wood in the drying process have to be compensated for by image
processing. In this study a dual-energy CT scanning method is tested based on the consecutive
scanning of wood samples at different energy levels to differentiate water from wood, without the
necessity to dry the sample and thus without the need for complex image correction. Not
quantified but visible differentiations due to moisture content were obtained on small cubical pine
samples of different densities by quick consecutives scans at 60 and 200 kV. The results suggest
that given that the pixels in the CT images are representing absorption coefficients it should be
possible to directly measure moisture content in wood non-destructively in small volume elements
inside solid wood in three dimensions. Further applications of this technique in industrial CT

ARTICLE HISTORY
Received 7 January 2016
Revised 12 June 2016
Accepted 12 June 2016

KEYWORDS

CT scanning; X-ray; computed
tomography; dual energy;
wood moisture
determination; non-
destructive testing

scanning of wood are discussed.

1. Introduction

Moisture content is known to influence major wood proper-
ties such as mechanical strength (Kollmann 1936, pp. 162,
180, 189), natural durability (Taylor et al. 2002, Sandberg
2008) as well as wood conversion processes’ drying behav-
iour (Danvind and Synnergren 2001). Accurate and efficient
wood moisture determination is thus an important task
in wood research and a prerequisite for efficient wood
processing.

Sometimes it is desirable to measure moisture content
non-destructively and determine the moisture distribution
in the sample three dimensionally. For that reason imaging
methods based on tomography have been introduced. The
most frequently applied tomography methods for wood
and timber samples are based on magnetic resonance
imaging (Bucur 2003, Dvinskikh et al. 2011) and X-ray-based
tomography, also named Computerized axial tomography or
CT scanning (Lindgren 1992, Fromm et al. 2001). Of both
these technologies X-ray-based CT scanning is the technology
that is introduced more widely due to its wide range of appli-
cations on dry and wet wood (e.g. zu Castell et al. 2005, Seifert
et al. 2010, Wei et al. 2011).

A robust, accurate, and at the same time fast measurement
of wood moisture content grants a lot of benefits for scientific
studies of moisture movement in the kiln drying process
(Wiberg and Morén 1999), in natural durability studies
(Sandberg and Salin 2012) and for eco-physiological research
(Nikolova et al. 2009). It also paves the way for further

optimisation in the timber production process with regards
to optimised sawing, kiln drying, and chemical and thermal
treatment.

The measurement of moisture content using X-rays is
based on the attenuation coefficient, or in other words the
proportion of X-ray photons that are absorbed by the material
per unit length of the sample. The absorption follows the
Lambert-Beers law as outlined by Lindgren (1992) (Equation 1).

I = le ™ M

where [ is the intensity of the transmitted X-ray beam, |, is the
intensity of the incident X-ray beam, u is the linear attenuation
coefficient and t is the thickness of the samples that is pene-
trated by the X-ray beam.

The attenuation coefficient in turn is determined by a com-
pound of the moisture content, the wood density and atomic
numbers and thus by the chemical wood composition. Since
wood gross chemical composition can be assumed to be
rather constant the problem can be reduced to wood-water
relations. A challenge in the application of this technique of
moisture determination based on CT scanning is that
samples have to be scanned twice; once fresh and then
again after oven-drying, which always left the inherent
problem of shrinkage correction (Lindgren 1992, Nikolova
et al. 2009).

We propose a dual-energy scanning method for industrial
micro CT scanners in this article, which is based on two scans
in short succession at wet samples that are conducted at

CONTACT Owe Lindgren @ owe.lindgren@ltu.se
© 2016 Informa UK Limited, trading as Taylor & Francis Group


mailto:owe.lindgren@ltu.se
http://www.tandfonline.com

Table 1. Calculation of volume % of water content in wood.
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Vol. dm® Dry density kg/m> Mass wood kg Vol. wood kg m.c.

Mass H,0 kg Vol. H,0 dm® Total vol. dm® Vol% wood Vol% H,0 Total density kg/m?

300 500 150 100 0 0
300 500 150 100 0.1 15
300 500 150 100 0.2 30
300 500 150 100 0.3 45
300 500 150 100 0.5 75
300 500 150 100 0.7 105
300 500 150 100 0.9 135
300 500 150 100 1.1 165

0 300 033 0.00 500.00
15 315 0.32 0.05 523.81
30 330 0.30 0.09 545.45
45 345 0.29 0.13 565.22
75 345 0.29 0.22 652.17

105 345 0.29 0.30 739.13
135 345 0.29 0.39 826.09
165 345 0.29 0.48 913.04

Note: m.c., moisture content.

different acceleration voltages (energy levels). The method
has been successfully demonstrated for material differen-
tiation in medical sciences (Kalender 2011) and first tests of
dual-energy X-ray absorptiometry on wood have shown the
feasibility of the dual-energy concept to determine wood
moisture content (Kullenberg et al. 2010, Tanaka and Kawai
2013, Kim et al. 2015). However, these studies were limited
to two-dimensional X-ray scans that do not allow a tomo-
graphic reconstruction of wood moisture content in three
dimensions.

In this article, an extension of these absorptiometry-based
dual-energy approaches is presented based on data obtained
from an industrial CT scanner. The novel methodology to
measure moisture content in wood three dimensionally is
meant to overcome the traditional problem of moisture
shrinkage correction by using the differentiation of different
atomic numbers of wood and water when CT scans are con-
ducted at different acceleration energies. Thus a true differen-
tiation between water and density effect on X-ray absorption
is expected.

The linear X-ray attenuation coefficient of wood is calcu-
lated according to Tsai and Cho (1976) with the challenge
with regards to attenuation calculations posed by the fact
that water can be absorbed or desorbed into and out of
wood. This complicates calculations since the attenuation
coefficient is dependent on volume percentage of wood
and volume percentage of water instead of a weight-based
percentage as is generally used in wood science. Wood
density can be calculated according to Equation 2:

Prot = ®woodPwood T WwaterPuwater )

where p; is the total density, Wy,004 is the volume percentage
wood, p,004 IS the compact density of wood (approx. 1500 kg/
mM?), Wuwater is the volume percentage water and Puwater 1S the
density of water.

However, there is an analogy with calculating wood
density and the linear attenuation coefficient of wood includ-
ing different moisture content levels as illustrated in the fol-
lowing example:

Assume a piece of wood shows a dry density of 500 kg/m?
at a volume of 300 dm?3. Also assume the compact density of
wood is 1500 kg/m?.

Now we assume 10% moisture content is added to the
wood. Then the mass of wood is still 150 kg. 10% moisture
corresponds to 15kg. The total volume has however
increased to 315 dm>. The wood cells have absorbed all the
15 kg water, as it is hygroscopic.

At the fibre saturation point (FSP) the cell walls are satu-
rated with water. In general it can be said that FSP is
reached at around 30% moisture content. Above FSP no
more water can be added to the cell walls and if further
water is to be absorbed all water is found in the cell lumina
as “free water”.

Table 1 illustrates the changes in total density and volume
% of wood and water.

Based on the relation of moisture content from Table 1,
Figure 1 illustrates how moisture content changes the
density of wood using volume % according to Equation 2
which is the general material blending rule. In this case dry
wood density is 500 kg/m?.

The reason for the difference in slope below 30% and
above 30% is that wood stops swelling at FSP.

In accordance with this the relationships between X-ray
attenuation coefficients and wood density and moisture
content show the same behaviour. This occurs even though
the attenuation coefficients of water below or above 30%
and wood are identical. A detailed explanation can be
found in Lindgren (1992).

The reason for using volume % above is simply that X-ray
absorption coefficient is calculated using volume % of wood
and moisture content in analogy to Equation 3.

Mot = Wwood Mwood T Wwater Myater @)

where U is the total linear attenuation coefficient, Wyooq is
the volume percentage wood, twood is the linear attenuation
coefficient at a wood density of approximately 1500 kg/m?,
Wwater 1S the volume percentage water and pUyaeer is the
linear attenuation coefficient of water at a density of
1000 kg/m>.

Using the equations by Tsai and Cho (1976) the linear
attenuation coefficient can thus be calculated accordingly.
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Figure 1. Calculated density increase of wood at increasing moisture content
levels if volume % is used as a reference in calculation.
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2. Materials and methods

A commercial micro CT system, the General Electric Phoenix V|
Tome|X L240 / NF180, was used in this study. This system
allows a wide range of sample sizes to be scanned at signifi-
cantly different conditions, most important of which in this
study are the voltage variation capabilities. X-ray settings
were set to 200 kV and 60 kV in sequential scans of the
same object, at identical resolution. These kV levels were
chosen to be comparable to the keV levels used in calcu-
lations below. For this the current must be limited to ensure
a similar X-ray spot size, which could otherwise limit the res-
olution of the system at high voltage and current combi-
nations. In this study it was particularly important to do fast
scans to ensure minimal drying and water movement
during and between the scans. For this purpose settings of
reduced resolution (100 um) and reduced number of projec-
tion images (800) were applied, resulting in approximately
4 min per scan, while typical scan time is 30-60 min. That
resulted in an acquisition time per projection of 250 ms.

A simple test was performed. The high-resolution CT
scanner in Stellenbosch has a high variability of energy
levels that can be preselected for scanning. Four cubical
wood pieces of Scots pine sapwood (Pinus sylvestris L.),
30 mm x 30 mm in cross-section, were cut and saturated
with water (moisture content exceeding 100%). They were
all scanned simultaneously in the scanner simply by stacking
them on top of each other. Reconstruction was done with
system-supplied Datos reconstruction software, based on a
modified Feldkamp algorithm (Feldkamp et al. 1984). Image
analysis was performed with Volume Graphics VGStudio
Max 2.1 and ImageJ (2010).

3. Results and discussion

3.1. Theoretical base for dual X-ray energy
calculations for moisture content measurements

As stipulated before, the attenuation coefficient changes
depending on difference not only in density, but also in effec-
tive atomic number and X-ray energies. Figure 2 shows how
the relationship between linear attenuation coefficient and
moisture content changes depending on only change in X-
ray energy. In this case 40 and 150 keV were used in the

linear attenuation coefficient

0.135

M e - -
0.115 -

-
-

0.095 > =
0075 pee=e=2"
0.055 . . y . g ;

0 0.2 0.4 0.6 058 1 12

moisture content

Figure 2. Increase of linear attenuation coefficient of wood with increasing
moisture content levels at X-ray energies of 40 and 150 keV.

calculations and a wood density of 500 kg/m? at different
moisture content levels.

It is clear that the slope is lower at 150 keV (below) than at
40 keV (top). However, this also goes for the slope depending
on dry wood density. These differences in slope raise the
expectation that a change in X-ray energy could result in
being able to separate moisture content in wood from the
total wood density.

Kullenberg et al. (2010) and Kim et al. (2015) have investi-
gated this and tests showed promising results. According to
X-ray physics, the process using CT scanning instead of
using the radiography method they used would require to
divide the pixel values in two CT images taken at two different
X-ray energy levels. This is naturally under the assumption
that the two CT images are matrices showing the attenuation
coefficient in each pixel. This assumption is not trivial since
this is, that is, not the case using medical CT scanning
where the images contain matrices of CT numbers that are
normalised attenuation values to the value of water. The
resulting constant can then be correlated to moisture
content accordingly.

The relations stipulated in Equations 4 and 5 are valid as
representations of Equation 1 as also stipulated by Kullenberg
et al. (2010) and Kim et al. (2015):

Ny = Nose'™#% (4)
Ny = Noe™2¥ (5)

where N; is the observed transmitted count rate for energy |/,
Ny,; is the count rate for energy / with no attenuator, u;, u, are
the linear attenuation coefficients for energy / and X is the
thickness of the sample.

Equations 4 and 5 can also be rewritten into Equations 6

and 7:
N01
In{—— ) = u.X 6

n(N1> F ©

N
|n<NL;) = p,X )

The count rates without attenuator could be determined
besides the object or attenuator. From Equations 6 and 7 an
expression called k can be derived by dividing the two
equations (Equation 8):

(It X

_mX_ ®)
In (No2/N> WXy

The expression in Equation 8 is only dependent of the linear
attenuation coefficient, which in its turn is only dependent
on the change of moisture content.

Table 2 shows the results of the calculated k-values, and it
can be found that the constant is the same independent of
wood density and decreases with increasing moisture
content level. Here the X-ray energies of 40 and 150 keV
were used as an example.

This can also be seen in Figure 3.

Therefore a straight forward solution might be to CT scan
the sample first at a low X-ray energy and secondly to CT
scan the sample at a high X-ray energy. If then the images



Table 2. Constant k-value at different wood densities but k-values decrease with
increasing moisture content level.

MC k 500 kg m~3 k 450 kg m~3 k 400 kg m™3
0 1622263624 1.622263624 1622263624
0.1 1.622254079 1622254079 1622254079
0.2 1622246187 1.622246187 1622246187
03 1622239552 1622239552 1622239552
0.5 1622229017 1.622229017 1622229017
0.7 1622221027 1622221027 1622221027
0.9 1622214760 1.622214760 1622214760
1.1 1622209713 1622209713 1622209713

Note: MC, moisture content.
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Figure 3. The k-value stays constant at different wood densities, ranging from
400 to 600 kg/m?, but decreases with increasing moisture content levels.

are exported into an image-processing program the two
images can be divided with each other, which should result
in a representation of k. The k-value in its turn is a function
of moisture content. This is a much simpler procedure than
the one used by Lindgren (1992).

The differences in k-value above are small and during
scientific calibration this might result in not so excellent accu-
racies. However, there is always the possibility to make iden-
tical CT scans and digitally average them, resulting in a
decrease of noise for each addition Lindgren (1992).

3.2. Results of the analysis of the scans

CT images of the dual-energy scans after image processing
using ImageJ developed by National Institutes of Health in
the USA are shown (Figure 4). To the left, the CT image at
200 kV, in the middle the CT image at 60 kV and to the right
the result after dividing the image at 200 kV with the image
at 60 kV.

The image furthest to the right should be a representation
of a 2-D moisture content distribution according to Equations
2-8. However, a full calibration has not yet been performed.
By stacking images to reduce noise in the image-processing
program a 3-D representation of moisture content is possible
(Figure 5). Higher levels of moisture content are represented
as yellow, a middle level as whiter grey scale, and lower
levels as a darker grey scale.

With this study we were able to show that using dual-
energy CT scanning for moisture content determination
might be possible. This novel application is extending the
dual-energy scanning on the CT scans concept to wood,
which has so far only been tested in X-ray absorptiometry
studies (Kullenberg et al. 2010, Tanaka and Kawai 2013, Kim
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Figure 4. To the left the CT image at 200 kV, in the middle the CT image at 60 kV
and furthest to the right the result after dividing the image at 200 kV with the
image at 60 kV.

et al. 2015) that were limited to two-dimensional applications.
The application of two quick consecutive scans for moisture
determination represents a major step ahead from existing
methods (Lindgren 1992, Nikolova et al. 2009) since the
drying step in between the two scans can be omitted and
no image analysis-based correction of the wood shrinkage
during drying is necessary.

Clearly a dry shell was found in our samples as described
by Wiberg and Morén (1999) close to the wooden surfaces.
An interesting observation was that the water content was

Figure 5. Three-dimensional visualisation of the moisture distribution in the
divided image.
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higher in the late wood, as the grey scale of the annual growth
rings are whiter than that of early wood after image division in
Figure 4.

We argue that the use of the linear attenuation coefficient
has advantages over the use of the mass attenuation coeffi-
cient as proposed by Tanaka and Kawai (2013) and Kim
et al. (2015) in a dual-energy absorptiometry study. Using
mass attenuation values is problematic as linear attenuations
are based on volume percentages as shown before.

This study was conducted on an industrial micro CT
scanner with a wide range of available energy levels. This
was a prerequisite because traditional medical CT scanners
provide only two energy levels, typically ranging from 60 to
80 keV, which are set for optimal medical scanning of the
human body within medically acceptable radiation par-
ameters. The energy difference might be too small to
achieve similar results than in this study, where 60 and
200 kV were used.

It must be mentioned that calibrations depend on type of
X-ray source and the energy levels chosen. An optimisation of
the energy levels should thus follow in future studies as well
as the application of different filters at the different energy
levels, which has been reported to reduce the noise in dual-
energy scans significantly (Marshall et al. 1984).

The resulting images are to a large degree representations
of the attenuation coefficient but also an influence of the
material can be expected (Lindgren 1992, Kalender 2011).
There will most likely be differences in calibration curves
depending on the wood species. Thus further tests on differ-
ent species will be necessary.

This novel application of the dual-energy application in
the CT scanners technique opens up new avenues for the
application of dual X-ray scanners based in the production
process. With two consecutive tubes, working at different
energy levels in a production line, a continuous measure-
ment at full production speed should be possible. Spatial res-
olution will be lower than that used in this investigation, and
thereby sampling and measurement speed will increase. The
measurements should be made directly after sawing and
wood is still wet to determine the incoming moisture
content level before wood is dried in the kiln. A detailed
and accurate information on wood moisture content would
increase drying speed and most of all increase quality of
drying and thus reduce losses that are currently experienced
in the wood-drying process.

4, Conclusions

¢ Not quantified but visible differentiations due to moisture
content were obtained on small cubical pine samples of
different densities by quick consecutives scans (4 min
each) at 60 kV and 200 kV.

e The division of the larger by the smaller energy image
resulted in sufficient contrast to image the water contained
in the wood in three dimensions.

e During the publication process, an investigation was con-
ducted using a medical CT scanner which preliminarily
shows accuracies of £1.5% in moisture content

measurements in a 3 mm X 3 mm X 5 mm Scots pine. This
is going to be published later in 2016.

e These promising results pave the way for further future
investigations and calibrations that might lead to the appli-
cation of dual-energy scanning for various applications in
sawing and drying operations.
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