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Abstract

X-ray computed tomography (CT) is utilised in some sawmills today, primarily for enhancing value yield and for process
automation, which includes log sorting and sawing optimisation. Nevertheless, there is a scarcity of recent research utilising
CT to assess the local cutting process. As a preliminary study, this paper addresses this gap by using CT to investigate the
connections between local cutting force and local wood properties including density, knots, and annual ring width. Work-
pieces of Scots pine (Pinus sylvestris L.), from Sweden and Poland, were CT-scanned in laboratory conditions. Quasi-linear
cutting tests were then performed on both clear and knotty regions of the workpieces using a custom-made laboratory stand
with a Stellite-tipped tooth mounted on piezoelectric sensors. It was found that density influences cutting forces for both
clear and knotty wood, and this effect increased noticeably with increasing uncut chip thickness. Changes in wood density,
such as between sapwood and heartwood or between clear wood and knot, caused dynamic changes in cutting forces and
temporary disturbances to the stability of the system. Normalisation of cutting forces by local density allowed the conclu-
sion that density is not the only property affecting cutting forces. Other structural properties, e.g. annual ring width and
latewood—earlywood proportion may affect the cutting process as well, which requires deeper analysis in the future research.
This preliminary study demonstrates the feasibility and usefulness of coupling CT data with cutting force measurements and
suggests further research on the relationship between cutting force and wood properties.

Keywords Computed tomography - Knots - Local wood density - Machining - Material processing - Normalisation by
density - Sawing

1 Introduction new, more efficient methods of drying, impregnating, and
modifying wood, as well as the emergence of new solutions,
Wood is a material obtained by processing harvested or natu-  such as glued laminated timber (GLT) and cross-laminated

rally fallen trees, and it has been used for thousands of years ~ timber (CLT), have allowed wood to be used more suitably
[1]. Developments in wood processing technology, including ~ with regard to mechanical and physical properties [2, 3].
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Modern wood processing technologies, to ensure efficient
and sustainable use of material, require adequate knowl-
edge of the raw materials, i.e. wood logs, before process-
ing. Based on information including shape, dimensions, and
internal structure of the material, logs are sorted for different
processing routes and final products. Log sorting methods
and strategies have a distinct impact on whether the wood
can be put to maximum beneficial use with minimal material
waste for the production of suitable products [4].

Currently, X-ray computed tomography (CT) scanning
provides the highest value-yield results for sorting wood by
assessing its internal structure. This method is based on the
process of transmitting X-rays into the wood log and sub-
sequently measuring the X-ray attenuation on the opposite
side. With CT, the internal structure of wood can be recon-
structed by integrating projections obtained from various
angles around the log axis [5]. The spatial reconstruction of
CT scanning data plays a vital role in identifying internal
log features, including knot positions [6—8], fibre orientation
[9], annual ring width [10], and the density of the wood [11].
Identification and validation of these structural properties of
wood allow the production of high-quality wood products
with the highest possible market value. This is primarily
because the mechanical and physical properties of wood
products are distinctly affected by all of these structural
properties, especially wood density [12, 13], knots [14, 15],
and fibre direction [16, 17]. The same structural properties
of wood affect machinability properties, such as cutting
forces and cutting power.

A limited number of initial studies examined local wood
properties, comparing density and cutting forces, at a knot
[18], in both frozen and non-frozen workpieces [19], as well
as for different fibre orientations [20]. The pioneering CT
scans for these historic cutting experiments were conducted
at Skellefted Hospital, as documented by Lundberg in 1994
[21]. More recently, Chuchala et al. [22] analysed the effect
of density on cutting forces, providing a contemporary per-
spective on this research. Based on the results of Chuchala
et al. [22], the following studies examined cutting power
and/or cutting forces normalised by wood density [23-26].
However, only the global wood density was used in the
aforementioned studies, the local wood density was not
accessible. The effect of wood knots on cutting forces was
analysed by Caceres et al. [27] and showed a distinct impact
of knots on cutting forces, which was related to the higher
density of knots compared to clear wood. A similar effect of
knots on cutting power was observed by Licow et al. [24].
As for the directionality of wood fibres, and its effect on
machinability properties, this has been demonstrated in the
work of Kivimaa [28], among others, and more recently by
Moradpour et al. [29], Pinkowski et al. [30], Zhu et al. [31],
and Curti et al. [32]. The main factors affecting the cutting
forces are the cutting parameters and the type of cutting
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process, as shown, among other things, in the works of Cris-
tévao et al. [33], Hernandez et al. [34], Zhu et al. [35], Nasir
and Cool [36], and Pantscharowitsch and Kromoser [37].

Currently, CT scanners used in some state-of-the-art
sawmills allow log movement speeds of up to 180 m/min
(MiCROTEC) and offer extensive information about the
internal structure of the scanned log. This data is used to
optimise log sawing patterns and properly the log to obtain
higher-value sawn products. These advancements are the
result of numerous studies, including those by Berglund
et al. [38] and Fredriksson [39-41]. However, high-speed
CT scanners have not yet been widely used in the industry.
This research takes the next step in utilising CT scanning for
sawing and cutting process optimisation in sawmills.

The objective of this present study was to determine the
feasibility of coupling cutting behaviour and local properties
of Scots pine as revealed by CT imaging. Specifically, at this
stage, cutting behaviour was addressed solely by the magni-
tude of the cutting force in the primary direction, and only
material properties that are directly associated with density
were considered, including knots. In the literature available
to date, no analysis of the relationship between cutting forces
and local wood density determined using computed tomog-
raphy has been carried out.

2 Materials, methods, and data processing
2.1 Materials

Six Scots pine (Pinus sylvestris L.) specimens were col-
lected, three from northern Sweden by Sdvar sawmill, and
three from northern Poland by Sylva Sp. z 0.0. Specimens
were prepared in a square cross section, and each specimen
was obtained from a different log. The three specimens from
Sweden measured 75 mm X 75 mm X 2500 mm in width,
height, and length, respectively; the three specimens from
Poland measured 70 mm X 70 mm X 2000 mm in width,
height, and length, respectively. Specimens were chosen
to include substantial structural differences, such as clear
wood, different groups of knots within one specimen, and
various annual ring widths across specimens. After being
kiln-dried in industry conditions, the specimens were stored
in a climatic chamber at a temperature of 7=20 °C and
a relative humidity of RH =65%, which corresponds to an
equilibrium moisture content of MC=12%.

The specimens underwent scanning using a laboratory
CT scanner Mito (MiCROTEC, Bressanone, Italy) after the
desired MC of 12% was reached. The scanning resolution
was 0.3 mm in all three directions, i.e. employing 0.3-mm
voxels. CT data were imported to 3D Slicer, version 5.0.3
(The Slicer Community, Boston, MA, USA), which was
used to visually assess knot locations inside the specimens.
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Based on the visual inspection in 3D Slicer, a segment of
approximately 250 mm in length was chosen from each of
the six specimens to ensure that one end of the cross section
contained only clear wood (Fig. 1), while the other end of
the cross section contained knotty wood (Fig. 2). These 250-
mm specimens are hereafter referred to as the workpieces.

2.2 Cutting machine, cutting parameters,
and cutting tools

Figure 3 depicts the test machine setup that measures the
forces exerted during the process of cutting wooden work-
pieces using a solitary tooth. Previous cutting force meas-
urements have been performed on this machine [42—44]. It
should be emphasised that for this kinematic system, the
relative motion of the tool to the workpiece is quasi-linear.

The testing machine consists of three main parts: the
frame, safety grid, and drivetrain; the rotating arm that holds
the workpiece; and the platform that includes the measuring
block and sliding rails in both feeding and side directions.
The wood workpiece is securely affixed to the rotating arm
using four bolts. The arm, with a radius of 540 mm including
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Fig. 1 Cross sections of the clear wood. Three grooves were cut on
each of the six cross sections. Cutting direction was left to right, as
shown in the picture. The markings on the cross sections are only for

the clamped workpiece, undergoes clockwise rotation at a
speed of 276 revolutions per minute, leading to a linear
speed of v,=15.6 m-s™.

Three piezoelectric sensors are connected to the tooth
holder, each aligned with one of the three orthogonal direc-
tions, namely, the primary, side, and feeding directions.
These sensors are used to quantify the force components
exerted on the tooth throughout the cutting procedure. The
cutting tooth (Fig. 3a and b) is fixed in place by the tooth
holder, and feeding movement is provided by a stepper
motor and guided by the sliding rails.

Measurement of the cutting force in the primary direction
involved calculating the moment exerted on the three sen-
sors. This moment was a result of the eccentricity between
the tooth tip and the centre of the sensor in the primary
direction, as well as any potential misalignment.

The tip of the tooth was loaded statically with a known
weight of 500 g in three orthogonal directions. A calibration
matrix was therefore derived based on the sensor readings
and the known weight and was used to convert measured
amplitudes in the three sensors into cutting force in the main
direction. The same principle was applied to cutting force

identifying the workpieces during the experiments. t0, tl, t2, t3, t4,
and t5 are numbers of analysed samples
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Fig.2 Cross section of the knotty wood side. Three grooves were cut
on each of the six cross sections. Cutting direction was left to right, as
shown in the picture. The markings on the cross sections are only for

in other directions, although they are not discussed in this
paper.

Details of the cutting tooth are as follows: the tooth was
tipped with Stellite™ 12 (Deloro Wear Solutions GmbH,
Koblenz, Germany), side clearance angle a;=12°, side rake
angle y;=27°, overall set (theoretical kerf) S,=2.87 mm and
saw blade thickness s =1.47 mm (Fig. 3c). After sharpen-
ing, the main cutting edge was rounded to a radius of about
r,=20 um. This is the same cutting tooth geometry that is
currently applied in numerous Swedish sawmills [43, 44].
The single tooth was obtained by cutting it off from a typical
band saw blade.

Three grooves were planned on each knotty side to cross
as large an area of knots as possible, with feed per arm revo-
lution being 0.3 mm, 0.5 mm, and 0.7 mm, respectively.
Three grooves were made on the clear wood side, at posi-
tions corresponding to the grooves on the knotty side, with
feed per arm revolution being 0.5 mm, 0.7 mm, and 1.1 mm,
respectively. Due to the fine spatial detail level, CT data can
be seen as a digital “twin” of the real wood. Therefore, in the
3D data, it is possible to locate the regions being cut, as well
as the local wood features that the cutting tooth encounters.
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identifying the workpieces during the experiments. t0, t1, t2, t3, t4,
and t5 are numbers of analysed samples

Fifteen cuts were made for each groove. From the point of
view of the cutting process, the theoretical feed per revolu-
tion is equal to the uncut chip thickness /.

Because of the testing machine setup, the tooth cut the
wood workpieces in a quasi-linear manner, i.e. circular cut-
ting with a large rotation radius, referred to as the arc path
(Fig. 4). Consequently, during the initial series of incisions,
the two corners of the workpiece were excised, while the
central portion remained unaltered. Force readings from the
first five cuts were therefore excluded, as the initial cutting
process was not complete along the path.

2.3 Measuring and collecting data

The flow of the entire experiment and the data collection
process used for the analysis are shown in Fig. 4. The natu-
ral frequencies of the measuring block were determined by
striking the tooth with a steel hammer in three orthogonal
directions. These were measured to be 4.4 kHz, 2.5 kHz, and
2.5 kHz in the primary cutting, feeding, and side directions,
respectively. Analog signals from the three sensors were
amplified using three type 2635 charge amplifiers (Briiel
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Fig. 3 Cutting station implementing quasi-linear cutting process: gen- data (d), and the scanned cross section (e). Note that images d and e
eral view (a), detailed view of cutting zone (b), cutting tooth geom- represent the same workpiece as in Fig. 6
etry (c), three-dimensional representation of the workpiece from CT
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Fig.4 Experimental flow and data collection process. t0, t1, t2, t3, t4, and t5 are numbers of analysed samples; RH, relative humidity; MC,
moisture content

& Kjer, Denmark) and then sampled at 60 kHz using a  were then subjected to a Butterworth filter to eliminate fre-
PCI-6023EQ data acquisition card in LabVIEW 2013 soft-  quency components exceeding 800 Hz. Following this, the
ware (National Instruments, USA). The digitised signals  data was converted into forces using the calibration matrix.
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The mean cutting force from the last ten cuts of each groove
was obtained as a 1D array, referred to as the cutting force
profile. At a sampling rate of 60 kHz and a cutting speed of
15.6 m-s~!, each sampling point corresponds to a distance
of 0.262 mm.

Groove positions were measured on the workpieces after
the cutting tests and used to locate the groove positions on
the three-dimensional CT density models, as actual cut
grooves may deviate slightly from the planned ones. Voxels
corresponding to the chips removed during the cutting pro-
cess were extracted from the CT data as 3D arrays. Mean
density across the chip-thickness direction (Fig. 3e) was then
obtained as a 2D array; Fig. 5 shows examples of rendered
images of these 2D arrays. The mean density for the chips
removed during the last ten cuts was obtained as a 1D array,
referred to as the density profile. As one voxel represents
a known distance of 0.3 mm, the cutting force profile was
then adjusted to match the scale of CT images and density
profiles when plotting the results, as exemplified in Fig. 5.

2.4 Statistical analysis

An analysis of variance (ANOVA) was performed on the
measured cutting force and was used to determine the sig-
nificance of differences between cutting forces measured for
pine wood with three different values of uncut chip thickness
[45]. This statistical analysis was conducted at the assumed
significance level @ =0.05.

3 Results and discussion

Twelve cases were examined across the six wood work-
pieces, i.e. one knotty side and one clear side for each work-
piece, and a detailed analysis is presented for four of these
cases. The four cases presented demonstrate the impact of
knot orientation, annual ring width, and wood type on cut-
ting forces and—a key focus of this research—on density.
The remaining eight cases fall into the categories repre-
sented by the four presented cases. The influence of system
stiffness on measured cutting force is also discussed.

It should be borne in mind, however, that this is only an
indicative study intended to determine the existence of pos-
sible relations between cutting force and local wood prop-
erties. No statistically supported conclusions regarding the
correlation between cutting force and local wood properties
can be drawn based on the presented results.

Local cutting force trended upward with increasing uncut
chip thickness. However, this force also exhibited distinct
variations attributed to the specific properties of the wood
material the tooth encountered. Subsequent subsections
delve into a more detailed analysis of the variations in cut-
ting force.

@ Springer

3.1 Case 1: density/annual ring width

Figure 5 demonstrates how the cutting force is related to
local wood density: lower density resulted in lower cutting
force; higher density resulted in higher cutting force. The
three grooves were radially incised, and the density profile
exhibited a slight increase towards the end of the incision.
The observed increase might be attributed to the narrower
annual rings.

This observation may derive from the fact that juve-
nile wood is distinguished by widely spaced annual rings,
whereas mature wood exhibits closely compacted annual
rings. Juvenile wood exhibits reduced strength compared
to mature wood, and the two wood types differ in microfi-
bril angle magnitude, cell length, and density [46] of the S2
microfibril layer.

Chuchala et al. [26] noted an increase in cutting forces for
increased wood density, which is largely dependent on the
proportion of latewood in the annual growth. Latewood has
more than twice the density of earlywood and significantly
affects the mechanical properties of the wood [47]. Chuchala
et al. [26] proposed that analyses normalise the cutting force
by wood density and even by latewood—earlywood ratio.

Wood density can be determined with high accuracy
using the CT scanner; however, determining latewood—ear-
lywood ratio under industry conditions by CT scanner is
difficult [48, 49]. Therefore, it seems practical to normal-
ise the local cutting forces by the local density, as shown
in Fig. 5c. Normalising cutting forces by density reduced
the peaks of the cutting force profile in areas with narrow
annual rings. This is particularly noticeable for the smaller
uncut chip thickness #,=0.5 mm, confirming the observa-
tion of Chuchala et al. [22] that the effect of density on cut-
ting forces becomes more noticeable with increasing uncut
chip thickness.

It was also observed that the cutting force is more sensi-
tive to changes in the local density as the uncut chip thick-
ness increases. Similar relations were reported by Chuchala
et al. [22]; however, in that study, the differences in uncut
chip thickness values were relatively greater and the ana-
lysed wood originated from a different geographic location
than that in this study.

A close relation between local density and cutting
forces was also observed for knotty wood. Knots have
more than twice the density of clear wood, and these dif-
ferences were also reflected in the cutting force profile
(Fig. 6). Similar observations were presented by Caceres
et al. [27] when analysing the peripheral orthogonal mill-
ing processes of spruce wood. They also distinguished
separate zones before and after the knot, which showed
differences in the structure of the wood and, consequently,
in the cutting force values. A noticeable variation in cut-
ting power during the sawing process of pine wood with
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Fig.5 Cutting force and density profile when cutting clear wood:
X-ray computed tomography (CT) image of the clear wood (a), cut-
ting force and density profile (b), cutting force normalised by density
(c). Asterisk (*) denotes the cutting force that is normalised by wood

knots was also observed and analysed by Licow et al.
[24]. However, compared to the measurement of cutting
forces, the measurement of cutting power is less sensitive
to changes in wood structure in the form of annual ring
width variations.

local density. For each uncut chip thickness, the corresponding CT
images in a cutting force and density profiles in b and the normalised
cutting force profile in ¢ are aligned vertically

3.2 Case 2: knot orientation/knot type
A knot can be viewed as a miniature tree with its own pith

and orientation. Knot orientation in relation to cutting direc-
tion was observed to affect the cutting force. For the smallest

@ Springer


http://mostwiedzy.pl

/\/\\ MOST WIEDZY Downloaded from mostwiedzy.pl

—

4982 The International Journal of Advanced Manufacturing Technology (2024) 135:4975-4987

N
o
o

ho = 0.3 mm @b)
] (@D —— Cutting force ]

—— Density
Deviation

=
~
w

=
w
o

1251

1004

w ~
o w
L L

N
(S;]

Cutting force (N), density (x10 kg-m—3)

o

hi1 = 0.5 mm h2 = 0.7 mm
—— Cutting force ] —— Cutting force
—— Density —— Density

Deviation Deviation

20 40 60 80 100 20 40
Distance (mm)

Distance (mm)

80 100 20 40 60 80 100
Distance (mm)
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uncut chip thickness of h,=0.3 mm, in Fig. 6, cutting force
followed the trend of density profile. For the larger uncut
chip thicknesses, i.e. 0.5 mm and 0.7 mm, the cutting force
did not follow the same density profile as for 0.3 mm. In par-
ticular, at the larger, leftmost knot, density was steadily high
while cutting force rose gradually. This phenomenon could
be explained by the effect of knot orientation on cutting
force. The smaller knot was sawn in a more cross-cut man-
ner, which means that the cutting direction was perpendicu-
lar to the annual rings and fibres of the knot. By contrast,
the larger knot was sawn in a more rip-cut manner, which
means that the cutting direction was parallel to or along with
the wood fibres. Cross-cutting generally requires more force
than rip-cutting. Therefore, the orientation of knots affected
how much force was needed to cut through them.

Figure 7 also shows that for both /#;=0.5 mm and
h,=0.7 mm, the cutting force peaked at transition regions
between knot and clear wood. These regions were charac-
terised by sudden changes in fibre direction from parallel to
orthogonal relative to the cutting direction. These changes
created more resistance to cutting than did regions with uni-
form fibre orientation inside the knot. The sharp decrease in

@ Springer

cutting force after these regions corresponded to a decrease
in density.

The density profile for #;=0.5 mm and /,=0.7 mm were
similar to each other over almost the entire cutting length, but
the cutting force profiles were noticeably different. Cutting
force for h,=0.7 mm is not always higher than for #;=0.5
mm at the knot regions in Fig. 7. This indicates that cutting
force is a result of multi-factor interactions; analyses of any
single factor cannot sufficiently depict the cutting behaviour.

Figure 6 provides a contrasting example to Fig. 7. In
Fig. 6, both knots were cut at comparable angles within
three grooves. The observed outcome was a consistent
pattern in the behaviour of the cutting force, whereby an
increase in density at both knots resulted in a correspond-
ing increase in cutting force. The knot in Fig. 8 was cut in
a similar way as for the knot in Fig. 7. However, Fig. 8 also
shows how this type of knot affects the course of the cutting
forces. Cutting forces generated in the dead part of the knot
were noticeably lower compared to cutting forces generated
in the sound part of the knot. The dead knot is reflected as
two slight drops in the density profile (Fig. 8b). An alternate
visualisation of this knot is shown in Fig. 2, workpiece t5.
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3.3 Case 3: system stability

The system was observed to lose stability when the cut-
ting blade entered and exited the wood workpiece (Fig. 9).
This phenomenon was also noticed when the cutting
blade entered transition zones, i.e. from regions of lower
density (heartwood and/or juvenile wood) to regions of
higher density (sapwood and/or knots). This loss of sta-
bility manifests itself through a sharp peak or fall in the
cutting forces above/below the otherwise normal level for
the cutting forces of the material of a given density, and it
is caused by dynamic processes analogous to interrupted
machining of isotropic materials, such as metals [50, 51].
Upon entering the harder material, cutting forces increase
rapidly, recorded as a peak in the force waveform. This
produces vibration, and the system needs time to stabi-
lise. However, before stabilisation of the cutting process
is achieved, the blade exits the material, which is another
destabilising factor (Fig. 9).

When cutting knots at the very beginning and the very
end of the cutting process, lower cutting forces were
recorded. This was probably due to the aforementioned

disruption of stability. However, when cutting longer knot
areas, the course of the cutting forces was stable (Fig. 8c).

A similar phenomenon of loss of stability of the system
was observed during tests of quasi-linear cutting of beech
wood with high cutting speeds of up to 80 m-s~!, the results
of which were presented in the papers by Dvoracek et al.
[52] and Kubik et al. [53]. Losses of stability also occurred
at the entry and exit of the cutting blade from the material
being cut. These phenomena are difficult to eliminate from
the cutting process on systems with low stiffness like the
one used in this study. Removing these artefacts from the
measurements would require a great deal of the process-
ing of the raw data through appropriate filtering of relevant
frequency bands.

Based on the analysed results, it can be concluded that
cutting forces depend on the density of machined wood.
However, this relationship increases as the uncut chip thick-
ness increases (Fig. 5c). Normalising the cutting force by the
density of the machined material allows elimination of the
effect of density on cutting force during analysis [23-26].
Figure 10 shows the dependence of density-normalised cut-
ting forces on the uncut chip thickness. Despite eliminating
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the effect of density on the cutting forces, there are still
statistically significant differences between workpieces in
regard to cutting force for each of the analysed uncut chip
thicknesses (for /, the probability was p=7.5-10""8; h,:
p=2210"" hy: p=5.5-10"1%.

The observed differences in normalised cutting force may
be due to differences in other structural parameters of the
machined material, such as the width of the annual rings, the
proportion of latewood to earlywood, fibre direction, and the
annual ring radius in the cutting area. Such differences were
present in the workpieces analysed (Fig. 1). Moreover, it
was also observed that in the case of very small and constant
widths of annual rings (Fig. 1: t0, t1, and t2), the cutting
properties of wood are more similar to those of isotropic
material. The density of the cut wood is then one of the most
important factors influencing the cutting forces, therefore the
normalisation of the cutting forces by the local density leads
to no differences between the cutting forces for the analysed
samples. Such a phenomenon was observed for samples
t0, t1, and t2 (Fig. 10), with lower values for the thickness
of the uncut chip (for i, the probability was p=0.33; h;:
p=0.54). The above observations provide directions for
further research into the effectual use of CT images for the
design and development of the wood-cutting process.

However, the presented results suggest that when inves-
tigating the wood-cutting process and, for example, analys-
ing the effect of cutting parameters on cutting force and/
or cutting power or similar, normalisation of these cutting
forces and cutting powers by local density should be carried

out. Since the variability of wood density is significant and
its influence on cutting forces is noticeable, in the absence
of this normalization the analysis of the machinability will
be disturbed by the influence of density differences in the
analysed samples.

4 Conclusions

This study’s objective was to determine the viability of uti-
lising X-ray computed tomography (CT) data to establish
relationships between specific wood properties and cutting
behaviour. Variations in wood workpieces were deliberately
incorporated to replicate realistic scenarios, encompassing
clear wood, knots, and workpieces with varying annual
growth ring distances. The following conclusions can be
drawn based on the results:

1. CT images reveal the wood local density and details of
the knots inside the wood, which makes possible a more
accurate analysis of the wood-cutting process.

2. Cutting force is dependent on wood density; however,
density is only one of the important structural properties
that affect cutting force meaning that further research is
needed to analyse the effect of other properties.

3. Uncut chip thickness has an important impact on cutting
force, and the effect of density on cutting force becomes
more noticeable as uncut chip thickness increases.

4. Loss of stability of the system introduces measure-
ment noise for both clear and knotty wood, although
the impact is more noticeable for knotty wood; this is
analogous to interrupted machining.

5. Recommended further research directions: effect of
knot cutting direction, annual ring width, latewood—
earlywood proportion on cutting force values and their
stability.
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