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Abstract

In the study, a model was developed to calculate the power required for the circumferential cutting
of solid wood in the longitudinal direction, considering the relevant technological parameters and
mechanical properties of the wood. Based on measurements of different combinations and using the
Response surface method (RSM) and the Central composite design (CCD), a model was created that,
in its derived version, considers the cutting width and depth, the diameter and speed of the tool, the
number of cutting edges and the sharpness of the cutting edge, the feed rate of the workpiece and the
density and moisture content of the wood. The model can be used to calculate the cutting power of
various tree species with densities ranging from 400 to 700 kg/m? moisture contents from 8 to 16%,
and a wide range of cutting-edge sharpness, from a sharp cutting edge with a tip radius of 5 um to a
blunt cutting edge with a tip radius of 35 um. The model is designed for a rake angle of 20°, the value
most frequently used in practise. An ANOVA analysis was used to determine the suitability of the
model, which is highly significant with an R? value of 0.93 and an average deviation of the calculated
values from the measured values of 8.8%. The model is robust and therefore useful in the wood
industry for predicting energy consumption in the processing of solid wood.

Keywords: cutting force; energy consumption; milling; tool; woodworking

1. Introduction
1.1. Literature Overview

Energy consumption is an important factor and the general aim is to minimise energy
consumption. In certain cases, the goal is to optimise energy consumption so that the capacity of a
given process is as high as possible for a given energy consumption, or in another case, to reduce
energy consumption for a given capacity. However, minimising energy consumption is not always
the most important factor, e.g. if a certain product has to be manufactured to the required quality,
even if the energy consumption is higher than it would otherwise be.

Regardless of the situation, it is necessary to know which factors influence energy consumption.
With an appropriate model, these factors can be optimised so that energy consumption is optimal in
certain cases, or energy consumption can be planned if certain factors are set in order to achieve the
desired processing quality.

When processing wood, various factors influence the cutting force and therefore the energy
consumption. Among the technological factors, the cutting force is influenced by the cutting depth
and width, the tool diameter, the number of cutting edges, the rotational speed of the tool and the
feed rate [1-6]. These factors interact in various ways and influence the thickness of the chip and the
cutting direction in relation to the grain of the wood, which in turn has a direct effect on the cutting
force. In addition, the cutting force is also influenced by the rake angle of the blade [7,8], the sharpness
of the blade [9], and the friction between the blade and the wood [10,11], over which the production
engineer has little or no direct influence. The cutting force decreases as the rake angle increases, but
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the rake angles in solid wood processing are generally not greater than 20-25° and are on average
between 18 and 22°. Longitudinal cutting of solid wood with a rake angle of more than 30° produces
a type I chip [12,13], which is characterised by the fact that the tissue is split before the blade tip, i.e.
the wood can also be split below the blade tip, resulting in a chipped grain surface, which is
undesirable and represents poor machining quality [14]. However, if the rake angle is less than 25°
on average, a type II chip is created, which is characterised by the fact that the tissue is not split in
front of the tip of the blade, but is created by a combination of pressure and shear failures. In this
case, the wood surface is free of chipped grain and represents a better surface quality. The rake angle
range of 25 to 30° represents a transitional area in which a type I or II chip can occur. With a smaller
rake angle of less than 15°, however, the quality of the machined surface can also be worse, as a type
III chip can occur, characterised by a combination of pressure failure and tissue splitting in front of
the blade tip.

In addition to the technological factors mentioned above, the cutting force and thus the energy
consumption are also influenced by the moisture content [15] and mechanical properties of the wood
in various directions, such as elasticity, strength and fracture toughness [16]. Various authors have
attempted to model the cutting force considering the various technological and mechanical
properties.

The cutting forces were modelled using the finite element method, taking into account the
elasticity, strength and fracture properties of the material [17,18], as well as cutting models based on
the strains in the material in front of the tool tip [19]. Various attempts were also made to create a
cutting model that takes into account fracture properties [20-22] or is based on different failure criteria
and chip breakage due to compressive failure [23,24]. Various models were also created for other
orthotropic materials like bone [25,26].

Despite extensive research, there is still no universal model that can be used to calculate cutting
forces and power for different combinations of technological parameters and mechanical properties
of wood. On the other hand, the existing models are quite challenging for industrial technologists, as
they need to be familiar with the various mechanical properties of wood, which in certain cases are
unknown or hardly available in the generally accessible literature.

An alternative to such models is a mechanistic approach, where the cutting forces are measured
based on certain combinations of wood mechanical properties and technological parameters, which
can then be used to create a mathematical model that is valid in the tested range on which the model
is based. Typically, such models incorporate wood density and moisture content rather than
mechanical properties, as there are positive correlations between wood density and its mechanical
properties [27].

This approach has been used in numerous studies in which various authors have investigated
the effects of different factors on the magnitude of cutting forces or power. Jiang, et al. [28]
investigated the effects of rake angle, wedge angle and clearance angle at different cutting speeds.
The influence of chip thickness and tool wear on cutting power was investigated by Pinkowski, et al.
[29]. Homkhiew, et al. [30] investigated the influence of cutting speed, workpiece feed and cutting
depth, while Dvoracek, et al. [31] analysed the effects of cutting direction and wood moisture content
in linear cutting of oak. Similarly, the influence of blade inclination angle, feed rate and depth of cut
was investigated by Jin and Wei [32] and Li, et al. [33]. A more thorough study of the influence of
various technological parameters and wood properties in linear cutting of wood was carried out by
Porankiewicz, et al. [34], who created a complex model with more than 50 coefficients. To use the
model for circular cutting, the reader must calculate the average thickness of the chip and determine
the average cutting angle between the cutting direction and the tissue orientation. The authors have
also used the cutting model for other research. For example, Derbas, et al. [35] has used the frequency
spectrum in cutting to determine the moisture content of wood or its fracture properties [36].

As already mentioned, an alternative is to use different mathematical models, but to the author's
knowledge, none of the studies mentioned in the introduction that have been carried out so far have
fully captured the effects of all relevant technological factors and wood properties and are at the same
time simple, robust and precise. Individual studies have been carried out in which individual authors
have created cutting models based on a linear cut under certain conditions. However, these have little
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practical value in real technological processes, as the user would have to modify the model and
calculate the equivalent thicknesses of the chip resulting from the circular cut. On the other hand,
various models based on a circular cutting contain many numerical constants, which can also lead to
a high probability of incorrect calculation of the cutting power, or the models do not contain all
relevant technological and material properties.

The aim of this research is therefore to create a simple, robust, precise and comprehensive model
for calculating the power required for circular circumferential cutting of solid wood in the
longitudinal direction, which considers all relevant technological and material properties of wood
and is useful for user in the industry. The model will be based on the mechanical properties of wood
density and moisture content, and will include all relevant technological parameters, such as cutting
depth and width, workpiece feed, tool speed, tool diameter, and the number and sharpness of cutting
knives. Compared to the other models mentioned in the cited articles, this model will be simpler and
will include all relevant parameters. The aim of the research is to use the Design of Experiment (DOE)
approach [37,38] in the development of the model, which makes it possible to design a robust model
with many variables and a relatively small number of experimental combinations, while still
considering the main influences of the parameters and their mutual interactions.

1.2. Theoretical Background

The basis for the mean cutting force for a single cut can be derived from the relationship between
the width b, mean thickness of the chip /i and a specific coefficient ks [2]

Fp=ks b-hy
where the specific cutting coefficient ks depends on the technological parameters and properties of
the wood.
In circular peripheral cutting, the thickness of the chip increases with the angle ¢, as shown in

Figure 1, which increases the cutting force. When calculating the average cutting force Fu for a single
chip, the average chip thickness /i should be taken into account, which is calculated using the

following equation [1]
a
hm =1 E

Here, a is the depth of cut (Figure 1), d is the diameter of the tool and f: is the feed per tooth,

which is calculated as follows
-
f = n-z
where vris the feed speed and n and z are the rotational speed of the tool and the number of cutting
knives, respectively.

i Pout

Figure 1. Schematic of cutting principle; vc — cutting direction vector, a — depth of cut, d — cutting tool diameter,
n — tool rotational speed, gwut — tool exit angle, gn— mean cutting angle, i — mean chip thickness.
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In addition to the increase in force due to the increasing chip thickness during circular cutting,
the cutting force also increases due to the change in the angle ¢ between the cutting speed vector vc
and the grain of the wood. For example, the cutting forces are lowest for a longitudinal cut when the
angle ¢ is zero and the velocity vector vc is parallel to the grain, and highest for a pure cross-section
when the angle @is 90° and the velocity vector is perpendicular to the grain [39].

When calculating the mean cutting force Fu for a single chip during circular cutting, in addition
to the changing thickness of the chip, the changing conditions with regard to the cutting direction
must also be considered with the corresponding value of the specific cutting force ks in equation 1,
whereby it is most practical to take into account the values ks at the mean angle ¢,

Pout
== (4
Here, gout is the angle between the blade's velocity vector and the grain direction at the point where
the knife leaves the workpiece (Figure 1), calculated using the equation

Pm

r—a .
Qour = aArecos ( " ) (8

where g is the cutting depth and r is the tool radius. If the function is developed into a Taylor series,

a
q)out:z'\/; (€

When circular cutting a thick workpiece with a tool with a large number of cutting knives, there

@out can be written in simplified form

may be a large number of knives in the workpiece at the same time, such as when sawing with a
circular saw, where the circular saw blade may have up to 100 or more cutting knives, or there may
be only one or even no knife in the workpiece, such as when peripheral milling or planing
workpieces. In this case, the instantaneous cutting force varies from zero, when the knife is not in
contact with the wood and is not cutting it, to the maximum force when the knife is cutting and the
thickness of the chip is at its greatest. However, the cutting force can also be represented by the
average cutting force per chip Fu. If the average cutting power is to be determined, the average cutting
force per revolution of the tool must first be determined, which can also be referred to as the operating
force Fop and is calculated using the following equation

Fop: ‘m " Zef (7

Fn is the mean force per chip and zyis the average number of cutting knives. For example, zs can be
between 0 and 1 when circumferential milling or planing with tools with a smaller number of cutting
knives, where no knife or only one knife cuts at a time, and is calculated using the following equation

Zef =

_ z-2. |2

Z Pour _ d _ z \/E (€
2r 2 mwNd

With the Fop the torque Mcand cutting power Pccan be calculated

(¢

P.=M. w (1C

where w is angular speed in rad/s.

The basis of the mechanistic approach is therefore the specific cutting force coefficient ks in
equation 1, which considers various technological parameters as well as the mechanical properties of
the wood. In the past, several studies [3] were carried out in which the authors presented the effects
of the various factors in the form of tables and diagrams. The user then had to read the individual
coefficients from the diagrams based on specific factors and combine them into a general coefficient
ks. This approach is quite time-consuming and unreliable, as the user can easily make mistakes in
their calculations.
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2. Materials and Methods

As described, the average cutting force Fn for a chip depends directly on the thickness of the chip
hm, the cutting angle relative to the grain ¢m, the sharpness of the knife r;, the moisture content of the
wood u and the density of the wood p. Once the cutting force Fn has been determined, the cutting
power can be further determined using the Equations (7-10). It is therefore important to first
determine the influence of the basic factors on the size of the cutting force. The test procedure is
shown in Figure 2. Firstly, the basic parameters on which the model for determining the cutting forces
is based are determined. Then the corresponding technological parameters for carrying out the test
are determined, whereby the values of the basic parameters correspond to the required parameters.
A cutting test is carried out with the technological parameters determined and the cutting power is
measured. The average forces Fu per chip are then calculated from the measured power and used to
create a model to determine the cutting forces, which in turn is used to create a model to calculate

&~ @ 0

Determination of the basic variables (h,,, ¢, A~ Calculation of cutting forces from measured
r, u, p) on the which cutting force depends power

L = < =

Determination of the technological

cutting power.

parameters (a, Vp Iy U, p) that correspond to Model creation for cutting forces
the basic variables
Conducting the experiment according to the
technological parameters with cutting power L Cutting power model determination
measurement

Q. T

Figure 2. Research process plan.

2.1. Material Preparation

Three tree species with different densities were used for the experiment, namely spruce (Picea
abies), lime (Tilia platyphyllos) and beech (Fagus sylvatica). First, samples measuring 750 mm x 100 mm
x 30 mm were prepared from boards of different dimensions, which were then equilibrated at
standard air conditions of 22°C and 65% relative humidity. After equilibration, the density of the
samples was determined and then the density of the absolutely dry wood was calculated. On this
basis, the samples were sorted so that their average density was 662.2 kg/m? for beech, 537.1 kg/m3
for lime and 404.8 kg/m?3 for spruce, with standard deviations (SD) of 13.7 kg/m?3, 10.7 kg/m? and 10.5
kg/m?3 and coefficient of variations (COV) of 2.07%, 1.99% and 5.06%, respectively. All samples were
selected so that the lateral surface that was cut had a radial texture, so that the same amount of
earlywood and latewood was cut in each cut. In this way, the influence of the different densities of
earlywood and latewood was eliminated. The samples of each tree species were divided into three
groups, with one group equilibrated at a relative humidity of 88%, the second group at 67% and the
third group at 44%. When the samples had reached the desired equilibrium moisture content (EMC),
which averaged 8.1%, 11.9% and 16.2%, the samples were sawn to the final dimensions of 750 mm x
100 mm x 26 mm.

2.2. Cutting Experiment

The cutting experiment was made on an SCM T130 spindle moulder with a feed device Maggi
STEFF 2048 connected to a Frenic 5000G11 frequency converter, which allowed the desired feed
speeds to be set. A 125 mm diameter cutterhead (Figure 3) with two turnblade knives and a 20° rake
angle was used, and the speed was 6000 rpm. As the tool clamp did not have a jointing system that
allowed both knives to be set to the same cutting diameter, the experiment was carried out so that
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only one knife cut while the cutting edge of the other knife was ground so that the cutting diameter
of the second knife was 1 mm smaller than the diameter of the knife that was cutting. Replaceable
tungsten carbide cutting inserts measuring 30 mm x 12 mm x 1.5 mm and with a wedge angle of 60°
were used in the experiment. Three cutting edge sharpnesses were used. The different sharpenings
were achieved by first milling 30 mm thick oak samples with the knife in such a way that the cutting
edge was worn down evenly. During the wear process, the radius of the cutting edge was measured
using a LEXT OL5000 3D laser scanning microscope, taking 30 measurements along the cutting edge
and calculating the average radius value. In the experiment, the knives therefore had average cutting-
edge rounding radii of 5.2 pum, 19.1 pm and 34.9 um, with standard deviations of 1.1 pm, 3.1 pm and
3.1 pm, respectively. As the rake angles in the industry for milling solid wood in longitudinal
direction are on average between 18° and 22°, only a rake angle of 20° was used in the experiment, as
no significant differences would be recognizable with a smaller rake angle of 18° or a larger one of
22°,

Figure 3. Cutting tool with tungsten carbide knifes.

2.3. Planning the Experiment

The Design of Experiments (DOE) method using Design Expert software, Response Surface
Modelling (RSM) and Central Composite Design (CCD) was used to plan the experiment and matrix.
The CCD method is particularly useful if you want to build a second-order quadratic modelling
system, as it allows you to efficiently determine main effects, interactions and curvatures without
having to perform a full three-stage factorial experiment, which can be very extensive with a large
number of variables [40].

In the experiment, a full factorial rotatable design with the basic part of the 2% plan with nx
number of factorial points is used with a standard 2-level factorial design at low “-1” and high “+1”
levels to determine main effects and interactions. Additional symmetrically arranged axial points 7.
are added along each axis at a distance of +« around the centre of the plan to capture the curvature
of the response. In our case, the experimental design was face-centred with a=1. To perform a
dispersion analysis of experimental or model results (calculating the error, testing the significance of
model coefficients, checking the adequacy and determining the confidence limits of the model,
determining the curvature, etc.), the model requires a certain number #o of runs at the central values
of the variation factors. The use of the system of no runs at the central point is only justified under the
assumption that the errors are the same for each run in the covered multifactor space. Normally, the
number of central points is 4 to 6, but in this experiment, due to wood variability, eight repetitions
were performed at the central point of the plan (10 = 8) at the central values of the variation factors.
In general form, the number of experiments is obtained from the equation

N =2F+ 2k +ny=n, +n, +n, (11

where N is the total of experiments or combinations, k number of parameters, nx (1=2%) number of
factorial points, ne (na=2k) number of symmetrically placed points around the center of the plan and
no number of repetitions at the center point of the plan.

In the experiment 5 factors were included (k=5) so the total number of experiments is
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N=32+10+8=50 (12

In the experiment, the average angle ¢ between the cutting vector and the tissue varied at different
cutting depths 4, so the calculation of the appropriate depth was performed according to Equations
4 and 5. However, as the mean thickness of the chip hn increased with increasing depth of cutting,
the feed rate also needed to be adjusted to ensure that the mean thickness of the chip met the required
conditions. The corresponding feed rate was therefore calculated using equations 2 and 3.

Five variables with three different values were included in the experiment, whereby the
minimum and maximum values were taken from the most common process parameters. Their values
are listed in Table 1.

Table 1. Real value parameters and parameters used in DOE cutting model.

Real values

min mean max

Mean chip thickness, hn (mm) 0.1 0.25 0.4

Mean cutting angle, ¢ (°) 5 15 25
Tool tip radius, r: (um) 52 19.1 34.9
Wood moisture content, u (%) 8.1 11.9 16.2
Wood density, p (kg/m?3) 404.8 537.1 662.2

Modeled values
-1 0 1

Mean chip thickness, hn (m) 0.0001  0.0003 0.0004
Mean cutting angle, g (rad)  0.08727 0.2618  0.436332

Tool tip radius, r: (um) 5 20 35
Wood moisture content, u (%) 8 12 16
Wood density, p (kg/m?3) 405 535 665

As it is important for the CCD model used in the experiment that the differences in the values
of the individual variables between the minimum and average values and between the average and
maximum values are the same, the values given in the lower part of Table 1 were considered in the
model. The values used for model differ slightly from the actual values, but the differences are
minimal and the values have been converted to base units so that the resulting model can be
manipulated more easily.

The experiment combinations with coded, modelled and corresponding technological factors
are shown in Table Al in the Appendix.

2.4. Power Measurements

With the combinations obtained in this way, an experiment was carried out in which three
repetitions were performed for each combination. For each repetition, the cutting power was
calculated by first measuring the power at idle and then the power during cutting and using the
difference to calculate the cutting power.

The power was calculated by measuring the voltage (U) and current (I) on all three phases of the
electric motor driving the table cutter. An electrical voltage transformer was used to convert the
electrical voltage from the -400 to +400 V range to the -10 to +10 V range, and an electrical current
transformer was used to generate a voltage proportional to the current, also in the -10 to +10 V range.
All voltages were acquired using a National Instruments NI-USB 6351 acquisition card with a
sampling frequency of 2500 Hz and then converted to the real value of voltage and current. National
Instruments LabVIEW software was used for acquisition and calculation. The power for each phase
was calculated 10 times per second, using 250 samples of U and I for each calculation, by multiplying
the instantaneous values of voltage and current for each phase separately. The total power was the
sum of the power from all three phases [1].
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The cutting power was determined as an average value over the entire length of the workpiece
and used to calculate the cutting forces. First M. from equation 10 and then Fo and Fi from Equations
9 and 7 were determined. The mean force per chip F» was then normalised to a cutting width of 1 m,
so that the values were divided by the segment width of 0.026 m. The normalised values Fum» were
then entered into the Design Expert software, where a detailed ANOVA analysis was performed to
determine the significance of the individual parameters and their interactions, and a suitable
mathematical model for Fuv was created. The model obtained for Fu» was then converted into a model
for calculating the cutting power Pc using equations 1 to 10, considering the technological parameters
and the density and moisture content of the wood in the manner shown in Figure 2.

3. Results and Discussion

The power measurements, together with the average values and coefficient of variations (COV)
for individual combinations, where three repetitions were performed for each combination, are
shown in Table 2. Individual COV values for all combinations range from 0.26% to 19.88%, with an
average COV value of 7.80%. For combinations with standard order (5TD) 43 to 50, which belong to
group no for the dispersion analysis, and are made at the center point of the plan, the average power
value is 877.5 W, the standard deviation 85.03 W and the COV 9.69%. Although the COV values for
cutting power are higher than the COV values for wood density, where they averaged 3.04%, they
can still be considered low values, as in general the variability of the mechanical properties of wood
at the same density can be quite high [27]. The analysis also confirms the fact that a threefold
repetition for each combination is sufficient, as the differences between individual measurements are
relatively small. The reason for the low COV values can also be attributed to the fact that the surface
that was cut had a strictly radial surface, where the amount of early and late wood was always the
same during cutting. When cutting a surface with a tangential texture, the differences in power would
be much greater for the same combination, as one cut could be mainly earlywood, another mainly
latewood and a third a combination of earlywood and latewood. In this case, it would be necessary
to perform a larger number of repetitions for the same combination of parameters to obtain a
representative average value, as is the case when cutting a surface with radial texture. The table 2
also shows the average power values, the mean forces per chip Fu calculated with equations 7-10 for
a chip with a cutting width of 26 mm and the normalised force values Fum for a cutting width of 1 m,
which were further used in the model development and the detailed statistical analysis.

The results of the ANOVA analysis is shown int Table 3. The analysis shows that the quadratic
equation fits best, as it has the highest R? and is also suggested by Design Expert. However, for further
analysis, the reduced quadratic equation is used as the use of the quadratic equation can lead to
problems when the model is applied outside the tested range, where the positive trend can become
negative due to the nature of the quadratic equation. According to studies by cited authors who have
investigated the effects of individual parameters, the force increases for all parameters except
moisture, where the force initially increases up to a wood moisture content of around 12% and then
begins to decrease at higher moisture contents. To obtain a positive trend for all parameters except
moisture content, the quadratic terms for all variables except moisture content were removed from
the equation so that the model could show an initial increase in force and then a decrease with
increasing wood moisture content.

Table 2. Measured power values and corresponding forces.

Coefficient Mean

Normalized
Average of force
Responsel Response2 Response3 . L. mean force
value  variation per .
. per chip
(power) chip
P: P P p cov Fon Funb
STD W) W) W) W) (%) N) (N/m)
1 79 83 75 79 4.13 73 2807
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2 120 124 103 116 7.87 107 4111
3 127 113 103 114 8.61 106 4064
4 135 118 144 132 8.15 122 4706
5 213 181 181 192 7.87 177 6824
6 255 278 313 282 8.46 261 10045
7 196 222 243 220 8.72 204 7859
8 309 269 283 287 5.77 266 10238
9 96 113 117 109 8.38 100 3864
10 180 179 136 165 12.43 153 5871
11 126 168 148 147 11.64 136 5242
12 162 175 193 177 7.19 163 6287
13 236 213 218 222 4.44 206 7919
14 293 331 387 337 11.46 312 12010
15 249 287 239 258 8.00 239 9178
16 313 305 290 303 3.15 280 10772
17 578 624 671 624 6.08 116 4453
18 858 749 815 807 5.55 150 5762
19 616 604 677 632 5.05 117 4511
20 972 972 864 936 5.44 174 6687
21 1199 1138 1257 1198 4.06 223 8569
22 1509 2082 2492 2028 19.88 378 14557
23 1323 1390 1487 1400 4.81 260 10017
24 2726 2685 2844 2752 2.45 515 19825
25 849 1012 1002 954 7.82 177 6815
26 1141 1091 1195 1142 3.72 212 8158
27 1145 874 871 963 13.34 179 6875
28 1343 1342 1350 1345 0.26 250 9618
29 1434 1782 1245 1487 14.96 277 10651
30 2008 1633 2055 1899 9.95 354 13627
31 2327 1773 2086 2062 11.00 385 14813
32 2550 3121 2675 2782 8.81 521 20023
33 610 678 479 589 14.02 182 7000
34 756 856 986 866 10.87 268 10310
35 656 772 709 712 6.66 220 8477
36 919 988 886 931 4.56 288 11083
37 651 650 619 640 2.32 198 7614
38 972 894 1232 1033 13.99 320 12305
39 626 633 676 645 3.43 199 7673
40 1020 823 828 890 10.30 276 10596
41 224 238 257 240 5.64 222 8534
42 1603 1668 1648 1640 1.66 306 11759
43 890 877 837 868 2.60 269 10335
44 757 805 1019 860 13.24 266 10248
45 833 885 908 875 3.58 271 10422
46 1040 802 809 884 12.51 274 10526
47 894 923 826 881 4.61 273 10492
48 841 774 1045 887 13.00 274 10557
49 843 930 882 885 4.02 274 10537
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50 1035 743 863 880 13.61 272 10473

Table 3. Fit summary for various models

Source  Sequential Lack of Fit Adjusted Predicted

p-value p-value R? R?
Linear <0.0001 <0.0001 0.8076 0.7637
2FI 0.0057 <0.0001 0.8711 0.7584
Quadratic 0.0042 <0.0001 0.914 0.8085  Suggested
Cubic 0.0032 <0.0001 0.9702 0.3511 Aliased

The ANOVA results of the reduced quadratic equation are shown in Table 4. The Model F-value
of 30.82 implies the model is significant. There is only a 0.01% chance that an F-value this large could
occur due to noise.

p-values less than 0.05 indicate model terms are significant. In this case A, B, C, D, E, AC, AE,
BC, BE, CE and B? are significant model terms. Values greater than 0.10 indicate the model terms are
not significant and are removed from the model due to the simplicity of the model.

Table 4. ANOVA analysis for reduced quadratic model.

Source Sumof  df Mean F-value p-value
Squares Square
Model 592x108 16 3.70x107  30.82 <0.0001
A-p 7.69x107 1 7.69x107 64.04 <0.0001
B-u 219x107 1 219x107  18.22 0.0002
C—hn 3.05x105 1  3.05x10® 253.64 <0.0001
D-r 258x107 1 2.58x107  21.47 <0.0001
E - o 9.35x107 1 9.35x10”  77.85 <0.0001
AB 3.52x10° 1 3.52x10° 0.2933 0.5918
AC 1.61x107 1  1.61x107 13.4 0.0009
AD 1.06x10° 1  1.06x10° 0.8804 0.3549
AE 7.29x10° 1 7.29x10° 6.07 0.0192
BC 479x10° 1  4.79x10° 3.98 0.0543
BD 3.03x10° 1 3.03x10° 0.2521 0.6189
BE 6.92x10° 1  6.92x10° 5.76 0.0222
CD 6.53x10° 1 6.53x10° 0.5431 0.4663
CE 1.42x107 1 142x107 11.81 0.0016
DE 1.02x10° 1  1.02x10° 0.8485 0.3637
B2 1.69x10” 1 1.69x10”  14.06 0.0007

The resulting model for calculating the Fm for coded and actual factors is shown in Table 5. In
the case of coded factors, the coded values of the variables, i.e. -1, 0 and 1, must be used for the
calculation. The advantage of coded factors is that they show the relative importance of individual
variables or combinations of variables. For example, it can be deduced from the coded factors that
the thickness of the chip i, whose coded factor has the highest value, has the greatest influence on
the cutting forces, followed by the ¢u, p, 7, and u. The model is also influenced by the interaction of
various variables with approximately equal effects.

Table 5. Coefficient in terms of coded and actual factors.

coded factors actual factors
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FEmb = Fw =

+9961.31 —4986.22

+1504.25 A-p -3.028 p
+802.31 B-u +1733.99 u
+2993.67  C—hm -1.389 x 107 Hom
+870.91 D-r: +58.060 Tz
+1658.50  E — @m -16104.52 Om
+709.27 AC +36372.87 p *hm
+477.19 AE +21.03 p* om
+386.71 BC +6.44 x 10° u*hm
+465.17 BE +666.32 u* om
+665.93 CE +2.54 x 107 hm * @m
-1245.99 B? -77.87 u?

Table 6 shows the model fit statistics, where R?, Adjusted R?, and Predicted R? are 0.9319, 0.9122,
and 0.866, respectively. The Predicted R? of 0.866 is in reasonable agreement with the Adjusted R? of
0.9122 where the difference is less than 0.2. Also Adeq Precision which should be greater than 4 and
measures the signal to noise ratio is 30.22, which indicates an adequate signal and model can be used
to navigate the design space, while coefficient of variation is 11.68 %, which is also acceptable.

Table 6. Fit statistics.

R? Adjusted  Predicted Adeq Std. Mean C.V.%
R2 R2 Precision  Dev.
0.9319 0.9122 0.866 30.2287  1064.11  9114.03 11.68

The relationship between the measured and calculated Fm is shown in Figure 4a. The linear trend
between them is obvious and confirms the suitability of the model for calculating the cutting forces,
which is also confirmed by the normal curve of the residuals (Figure 4b), which also runs around the
straight line. Figure 4c shows that the values are within the residual limits and have a random
distribution, while Figure 4d shows that the residuals do not depend on the number of runs.

The effects of the various factors and their interactions are shown in Figure 5. The trend of a
particular factor depends on the value of another factor with which the first factor interacts. Fu»
increases faster with increasing hn at higher p than at lower p (Figure 5a). The same is true for the
increase in Fm with a change in ¢m, with Fm also increasing faster at a higher p than at a lower p
(Figure 5b). The effect of moisture content on the Fm can be seen in Figure 5c, where Fu increases
faster with hn in moist wood than in dry wood, and the Fu also increases faster with ¢» in moist wood
than in dry wood (Figure 5d). Looking at moisture content, Fus initially increases with u up to a certain
value and then starts to decrease as u increases further (Figure 5d), which is also consistent with the
trend of other mechanical properties [41] that initially increase up to a certain moisture content and
then decrease as the moisture content of the wood increases. There is also an interaction between ¢n
and hw (Figure 5e), with Fm increasing faster with /i in a more transverse cut (bigger @) than in a
longitudinal cut (smaller ¢). The perturbation plot in coded values, which shows how the response
changes as each factor moves away from the chosen reference point while all other factors are held
constant at the reference value in the centre of the design space, is shown in Figure 5f. The figure
clearly shows that factor C has the largest slope and therefore the largest influence on the increase in
Fm, followed by factors E, A, D and B, as already shown in Table 5.
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Figure 4. Plots of model adequacy; a) Actual and predicted cutting forces Fu, and b) normal plot of residuals, c)

plots of residuals vs. predicted values, and d) plots of residuals vs. run.

0436332

0.319978 S
0.203624

7 (,-ad)

CC BY license.

doi:10.20944/preprints202512.1710.


https://doi.org/10.20944/preprints202512.1710.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 19 December 2025 d0i:10.20944/preprints202512.1710.v1

13 of 18
d e f Perturbation
) 16000 ) 16000 r"m ~—. ) 14000 Actual Factors
13000 | e 13000 | | — A= 535
. L ~— ] — i B=12
Z 10000 | Z 10000 | 13000+ s
= :
u® 7000 | W 7000 . e e
4000 # 4000 E‘OOOO’ P
AL
| 2 8000 /
0436332 ‘ 0436332 - N
0319978 S . ° 0319978 o oo s 6000
0.203624 = 10 12 o) v, 0203624 0.0002 3 2% b & o
> tr 0.08727 8 .U » 0.08727  0.0001 o -1 -0 :
(Qg/ ©- ”:90} G- hm\ Deviation from Reference Point (Coded Units)

Figure 5. Interactions of the experimental factors on cutting force Fui: a) wood density p and mean chip thickness
hm, b) wood density p and mean cutting angle ¢m, ¢) wood moisture content u and mean chip thickness /m, d)
wood moisture content # and mean cutting angle ¢m, e) mean chip thickness i» and mean cutting angle ¢m and
f) perturbation plot of factors.

To obtain the model for calculating the cutting power with actual technological parameters, the
equation on the right-hand side of Table 5 must be considered. Then the equation must be multiplied
by the cutting width (b) and then equations 2 and 3 for h» and equations 4 and 6 for g» must be used.
In addition, the resulting equation must be multiplied by the average number of knives (zy) cutting
per unit time (Eq. 7), the tool diameter (d) and the angular velocity (®) using equations 9 and 10. After
rearranging the equation so that practical units can be used, the final model for calculating the power
of peripheral cutting of solid wood in longitudinal direction with a knife having a rake angle of 20°
(or approximately 20°) can be written as follows

Pc=b

a
a (nz(—0.000268 +0.0000111u + 3.5 x 1077p) + v£(—0.231 + 0.4239\/%
+ 0.01074u + 0.000606p)) + nzvad(—0.0000831 + 9.676 x 10771, (1¢
+ 0.0000288u — 0.000001297u? — 5.047 X 10_8p)]

where b is the cutting width in mm, a the cutting depth in mm, d the tool diameter in mm, n the tool
rotational speed in rpm, z the number of tool knifes, vrthe feed speed in m/min, r-the blade sharpness
radius in pm, u the wood moisture content in % and p the wood density in kg/m?3.

The verification of the model is shown in Table 7, which shows the power calculations based on
the model (Eq. 13) and the measured values. The difference between the calculated and measured
values is on average 8.8 %, which is a relatively small deviation, especially considering the relatively
high variability of density within tree species and, at the same density, the variability of mechanical
properties [27] that actually affect the force and thus the cutting power [14].

Table 7. Actual and predicted values of cutting power and their differences.

Actual Predicted Actual Predicted
values - values - values - values -
P P Difference P P Difference
STD W) W) (%) STD W) W) (%)
1 79.0 101.8 28.9 26 1142.3 1131.2 1.0
2 115.7 119.9 3.6 27 963.3 1020.2 5.9
3 114.3 99.0 134 28 1345.0 1381.1 2.7
4 132.3 117.1 11.5 29 1487.0 1497.6 0.7
5 191.7 171.7 104 30 1898.7 2260.8 19.1
6 282.0 270.2 4.2 31 2062.0 1966.8 4.6
7 220.3 212.8 34 32 2782.0 2730.0 1.9
8 287.0 311.3 8.5 33 589.0 7194 22.1
9 108.7 151.3 39.2 34 866.0 975.3 12.6
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10 165.0 169.3 2.6 35 712.3 673.1 5.5
11 147.3 148.4 0.8 36 931.0 809.6 13.0
12 176.7 166.5 5.8 37 640.0 592.7 7.4
13 222.3 221.1 0.5 38 1032.7 1102.0 6.7
14 337.0 319.7 5.1 39 645.0 773.3 19.9
15 258.3 262.2 1.5 40 890.3 921.5 3.5
16 302.7 360.7 19.2 41 239.7 235.5 1.7
17 624.3 523.4 16.2 42 1639.7 1647.9 0.5
18 807.3 884.2 9.5 43 868.0 847.4 24
19 632.3 773.2 22.3 44 860.3 847.4 1.5
20 936.0 1134.0 21.2 45 875.3 847.4 3.2
21 1198.0 1250.5 44 46 883.7 847.4 4.1
22 2027.7 2013.7 0.7 47 881.0 847.4 3.8
23 1400.0 1719.7 22.8 48 886.7 847.4 44
24 2751.7 24829 9.8 49 885.0 847.4 4.3
25 954.3 770.4 19.3 50 880.3 847.4 3.7

4. Conclusions

In the study, a model was developed to calculate the power required for circular cutting of solid
wood in the longitudinal direction. The experiment was designed and conducted with five input
parameters, which were varied in three levels. The model is essentially based on the thickness of the
chip, the cutting angle between the speed vector of the knives and the orientation of the wood tissue,
the sharpness of the knives and the density and moisture content of the wood. Using geometric and
kinematic relationships, a model is then derived that contains the following actual technological
parameters: cutting width and depth, tool diameter and speed, number and sharpness of the knives
as well as feed rate, density and moisture content of the workpiece.

The developed model can be used to calculate the cutting power of various tree species with
densities ranging from 400 kg/m?3 to 700 kg/m3, moisture contents from 8% to 16%, and a wide range
of cutting edge sharpness, from a sharp cutting edge with a tip radius of 5 um to a blunt cutting edge
with a tip radius of 35 um.

A detailed statistical analysis of the test results and a comparative analysis of the modelled and
experimental values of the cutting forces from the test confirmed that the derived model is highly
significant. The developed model is simple and robust and allows the calculation of the cutting power
with an average accuracy of 8.8%, which is a relatively high accuracy, especially considering the high
variability of mechanical properties for a given tree species or wood density.

The model represents a significant contribution as, to the authors’ knowledge, there is currently
no such comprehensive, robust and simple model available in the literature that considers all
important technological parameters as well as basic wood properties such as wood density and
moisture content.

However, the model developed can only be used for peripheral cutting of solid wood in the
longitudinal direction and is not suitable for composite materials or for cutting solid wood in the
perpendicular direction. In the first case, the mechanical properties can be very different from those
of solid wood, and in the second case, the properties of solid wood in the transverse direction are just
as different as in the longitudinal direction.

The model developed is based on a rake angle of 20°, which on average is the most commonly
used angle for machining solid wood in the longitudinal direction and is therefore not suitable for
knives with significantly smaller or larger rake angles.
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Appendix A

Table Al. Coded and modelled factors together with corresponding technological factors.

Coded factors Modelled factors Corresponding technological factors

(<2} [} (72} [} (<2}

s = =] — =]
> > (] 2
2 E L o » = & g 2 = £ o g
T 8 QY M E F OB Y o E N R = @ 7
s E£%: 5 E £ % % § E 3§} T OF
=} = = b —
"EgE: ° F 2 oE2 o ° 2 & FE
O £ 3 O £ 8 £ C

o = O p= O
u rz (D p u vf 7z a

STD p u hw r: [ p (kg/m3) (%) hw(m)(um) (rad) (kg/m3) (%) (m/min) (um) (mm)

1 -1 1 -1 -1 -1 405 8 00001 5 00873 405 8  13.8 5 095
2 1 1 -1 -1 -1 665 8 00001 5 00873 665 8 138 5 095
3 1 1 -1 -1 -1 405 16 00001 5 00873 405 16 138 5 095
4 1 1 -1 -1 -1 665 16 00001 5 00873 665 16 13.8 5 095
5 1 -1 1 -1 -1 405 8 00004 5 00873 405 8 550 5 095
6 1 -1 1 -1 -1 665 8 00004 5 00873 665 8 550 5 095
7 1 1 1 -1 -1 405 16 00004 5 00873 405 16 55.0 5 095
8§ 1 1 1 -1 -1 665 16 00004 5 0.0873 665 16 55.0 5 095
9 -1 -1 -1 1 -1 405 8 00001 35 0.0873 405 8 138 35 095
10 1 -1 -1 1 -1 665 8 00001 35 00873 665 & 138 35 095
11 -1 1 -1 1 -1 405 16 0.0001 35 00873 405 16 138 35 095
2 1 1 -1 1 -1 665 16 0.0001 35 0.0873 665 16 138 35 095
13 -1 -1 1 1 -1 405 8 00004 35 0.0873 405 8 550 35 095
14 1 -1 1 1 -1 665 8 00004 35 00873 665 8 550 35 095
15 -1 1 1 -1 405 16 00004 35 0.0873 405 16 550 35 095
16 1 1 1 -1 665 16 00004 35 00873 665 16 550 35 0.95
17 1 -1 -1 -1 1 405 8 00001 5 04364 405 8 28 5 2233
18 1 -1 -1 -1 1 665 8 00001 5 04364 665 8 2.8 5 2233
19 -1 1 -1 -1 1 405 16 00001 5 04364 405 16 28 5 2233
20 1 1 -1 1 665 16 00001 5 04364 665 16 2.8 5 2233
21 -1 -1 1 -1 1 405 8 00004 5 04364 405 8 112 5 2233
2 1 -1 1 -1 1 665 8 00004 5 04364 665 8 112 5 2233
23 1 1 1 -1 1 405 16 00004 5 04364 405 16 112 5 2233
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24 1 1 1 -1 1 665 16 0.0004 5 04364 665 16 11.2 5 22.33
25 -1 -1 -1 1 1 405 8 0.0001 35 0.4364 405 8 2.8 35 2233
26 1 -1 -1 1 1 665 8 0.0001 35 0.4364 665 8 2.8 35 2233
27 -1 1 -1 1 1 405 16 0.0001 35 0.4364 405 16 2.8 35 2233
281 1 -1 1 1 665 16 0.0001 35 0.4364 665 16 2.8 35 2233
29 -1 -1 1 1 1 405 8 0.0004 35 0.4364 405 8 11.2 35 2233
30 1 -1 1 1 1 665 8 0.0004 35 0.4364 665 8 11.2 35 2233
31 -1 1 1 1 1 405 16 0.0004 35 0.4364 405 16 11.2 35 2233
32 1 1 1 1 1 665 16 0.0004 35 0.4364 665 16 11.2 35 2233
33 -1 0 0 0 O 405 12 0.00025 20 0.2617 405 12 11.5 20 8.37
34 1 0 0 0 O 665 12 0.00025 20 0.2617 665 12 115 20 8.37
3 0 -1 0 0 0 535 8 00002520 02617 535 8 115 20 837
36 0 1 0 0 O 535 16 0.00025 20 0.2617 535 16 11.5 20 8.37
37 0 0 -1 0 O 535 12 0.0001 20 0.2617 535 12 4.6 20 8.37
38 0 0 1 0 O 535 12 0.0004 20 0.2617 535 12 18.4 20 8.37
39 0 0 0 -1 0 535 12 0.00025 5 0.2617 535 12 11.5 5 8.37
40 0 O O 1 o0 535 12 0.00025 35 0.2617 535 12 11.5 35 8.37
41 0 O 0 0 -1 535 12 0.00025 20 0.0873 535 12 34.4 20 0.95
42 0 0 0 0 1 535 12 0.00025 20 0.4364 535 12 7.0 20 2233
43 0 0 0 0 O 535 12 0.00025 20 0.2617 535 12 11.5 20 8.37
4 0 0 0 0 O 535 12 0.00025 20 0.2617 535 12 11.5 20 8.37
45 0 0 0 0 O 535 12 0.00025 20 0.2617 535 12 11.5 20 8.37
46 0 0 0 0 O 535 12 0.00025 20 0.2617 535 12 11.5 20 8.37
47 0 0 0 0 O 535 12 0.00025 20 0.2617 535 12 11.5 20 8.37
48 0 0 0 0 O 535 12 0.00025 20 0.2617 535 12 115 20 8.37
49 0 0 0 0 O 535 12 0.00025 20 0.2617 535 12 11.5 20 8.37
50 0 0 0 O 0O 535 12 0.00025 20 0.2617 535 12 115 20 8.37
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