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Abstract. Wood as a renewable material plays an important role in transforming
society towards sustainability and climate neutrality. However, wood is a difficult
material to saw due to its anisotropic and inhomogeneous properties. Currently,
the adaption of process parameters due to varying wood temperature and mois-
ture content are solely based on operator experience. This frequently results in
unfavorable settings of process parameters leading to a drastic increase in energy
consumption and poor surface quality of the sawn wood. This paper investigates
the cutting force when sawing frozen spruce wood with a two tooth research
saw blade and the surface quality of the resulting wood samples under varying
influencing factors. The material properties temperature between 20 °C and −
40 °C and moisture content as well as the kinematic factor cutting direction were
observed. The results show that the cutting force of moist and wet wood increase
with decreasing temperature and remain constant for dry wood. Additionally, the
surface quality of wet and dry wood samples is improved when sawing wood with
lower temperature values. Using these results, the operator can be supported by a
data driven approach for the adaption of machining parameters, hence improving
the energy- and resource-efficiency of the process.
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1 Introduction

As a renewable and carbon-storing raw material, wood is becoming increasingly impor-
tant in numerous industries. Taking into account dwindling resources and increasing
competition between sawmills, the sawing processes themselves must become more
sustainable and thus resource as well as energy efficiency are becoming increasingly
important factors for the woodworking industry [1].
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Particularly densely forested regions, such as Canada or Scandinavia, face the prob-
lem of temperatures dropping well below −40 °C in winter months [2]. Due to the low
temperatures, sawmills face the challenge of sawing frozen wood, which can lead to
higher cutting forces and a reduction in cutting accuracy [3]. In order to keep the surface
quality and process efficiency constant, the parameters of the sawing lines are usually
adjusted based on operator experience. Greigeritsch recommends reducing the tech-
nologically possible feed speed of the sawing line by 15% when sawing frozen wood
compared to sawing unfrozen wood [1]. In addition to this reduction in productivity,
unfavorably set production parameters can lead to the circular sawing process being
brought to a halt due to overloaded circular saw blades, which increases production
downtimes and causes considerable economic damage.

2 State of the Art

2.1 Wood as a Material

The natural composite material wood is characterised by a high degree of anisotropy
and inhomogeneity, which results from the cellular compound and the changing growth
phases. Therefore, the directional influence must be taken into account when sawing
wood. Kivimaa was able to identify the three main cutting directions: A, B and C (see
Fig. 1). The distinguishing feature for the determination of the main cutting direction
is the orientation of the cutting surface and knife movement to the fibres. With cutting
direction A, the cutting surface and the knife movement are perpendicular to the fibres.
Cutting direction B is characterized by the cutting surface and knife movement being
parallel to the fibres. Cutting direction C has the same cutting surface as B, but the knife
movement is perpendicular to the fibres [4].

Fig. 1. Schematic representation of the three fibre cutting directions A, B, C in two cutting
instances I and II [4]

2.2 Sawing Frozen Wood

Circular sawing of frozen wood has always represented a special challenge for sawmills
throughout time. Particular attention ought to be paid to the changed physical and
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mechanical properties of frozen wood. From various publications it is known that the
mechanical properties of wood are influenced bywood temperature andmoisture content
(e.g. [5, 6]).

At temperatures below 0 °C, complex freezing processes take place within the wood.
Solely the free water in the macroscopic cavities of the wood freezes thereby forming
ice in these cavities. In the process, the ice expands and exerts a compressive stress on
the cell walls. This supports the wood structure and makes it more rigid. The bound
water in the microscopic cavities, however, remains in a liquid or liquid-like state even
at temperatures below 0 °C. The reason for this is assumed to be the special bond to
the cell walls, whereby the bound water is present as a supercooled liquid and strongly
bound semi-fluid. Since there is a lower vapour pressure over ice than over supercooled
or bound water, there is a potential difference between the microscopic and macroscopic
cavities in the wood. This in turn causes moisture tomigrate away from the cell walls and
to freeze in the macroscopic cavities. The potential difference increases with decreasing
temperature. This process leads to an internal drying of the wood, which in turn changes
the mechanical properties [7, 8].

Kivimaa has already dealt with temperature as an influencing factor. He reports
that the cutting force increases linearly with decreasing temperature and shows a step at
0 °C [4]. The models of Axelsson, Lundberg&Grönlund and Porankiewicz et al.
agree with the results of Kivimaa, but do not take into account the step change of the
cutting force at 0 °C, as this was not included in the experimental design [9, 10]. The fact
that sawing frozen wood requires more force and energy than unfrozen wood has been
established in many studies (e.g. [11]). In contrary to the previously mentioned, Ispas&
Câmpean have determined a reduction in cutting forces and energy consumption [12].
An adjusted saw blade and a low cutting height were used, which avoided the common
phenomenon of large quantities of sawdust getting stuck on the lateral kerf walls, thus
decreasing the frictional resistance.

2.3 Surface Quality of Sawn Wood

Measuring the surface quality of wood poses multiple challenges due to the properties
of wood, such as inhomogeneity, anisotropy and porosity [13, 14]. Since 2019, a stan-
dardized procedure for the assessment of wood surfaces has been available in the form
of VDI standard 3414 [15]. The following roughness parameters are recommended for
the characterization of wood surfaces: core roughness Rk and reduced peak height Rpk
as evaluation parameters and reduced valley depth Rvk as reference parameter [15]. The
reduced valley depth Rvk can be understood as a measure of structural roughness, the
reduced peak height Rpk as a measure of protruding fibres and the core roughness Rk as
a measure of machining roughness [16]. If the condition of the surface is considered over
an area and examined with 3D measuring instruments as it was done in this paper, the
equivalent parameters from DIN EN ISO 25178–2 are relevant (core height Sk, reduced
peak height Spk, reduced dale height Svk) [15].
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3 Approach and Experimental Detail

The general test set-up is shown in Fig. 2. The different wood samples are held on the
machine table. The research saw blade with two exchangeable saw teeth is clamped in
the sensory tool holder “spike” of the manufacturer pro-micron. The machine is a 5 axis
machining centre machine DMU50 eVolution fromDeckelMaho. It guarantees an exact
tool rotational speed and ensures a constant feed speed. The sensory tool holder “spike”
can be used tomeasure various torques and forces. The cutting forces are recorded by the
spike during the machining of the wood inside the machining centre and sent wirelessly
to the receiver unit with antenna. This is located outside the machining centre and is
connected to the measuring computer. All measured data are visualised and documented
by the measuring computer.

The recordedmeasurement data is then processed. For this work, the decisive feature
is the cutting force that the machine tool has to generate in order to machine the wood.
This also includes the dynamic oscillations in the measurement signals. To map these
correctly, the measurement signal is processed as follows:

• Removal of the linear drift
• Formation of the absolute value of the measured data
• Averaging of the data during the full engagement phase

Fig. 2. General test set-up

The tests are carried out on spruce wood. The dimensions of all wood samples are
90× 90× 180 mm. To ensure equal conditions for the tests, the squared logs were taken
from a few stems. To investigate the influence of the different moisture contents, a part
of the samples was air-dried in a warm dry environment and another part was stored
in water until the maximum moisture content was reached. The moisture content of the
wood samples was determined using the darr method. The dry samples had an average
moisture content of 4%, the green, “moist” samples a moisture content of 35% and the
wet samples a moisture content of 200%.
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The wood samples are machined in a laboratory environment at ten different temper-
ature levels dry, moist and wet respectively in the three cutting directions A, B and C in
counter-rotation. This is done for all samples at a tool rotational speed of n = 330 rpm,
a feed speed of vf = 1066.88 mm/min and a working engagement of the cutting edge of
ae = 40 mm. The wood samples are sawn both at room temperature (20 °C) and at wood
temperatures between 0 °C and−40 °C in 5 °C decrements. Three samples are machined
per setting, with three cuts sawn into each sample. The wood samples are cooled down
gradually to the next lower temperature level over a duration of at least 24 h using an
adjustable heavy-duty laboratory freezer. A temperature sensor inserted into a reference
wood sample is used to monitor and control the temperature of the wood samples.

The surfaces of the sawn wood samples are examined in the connection with the 3D
profilometer VR-5200 from Keyence. The parameters for the examination of the surface
in this work can be found in Table 1.

Table 1. Parameters of surface examination

Parameter Value Parameter Value

Magnification 40 × (micro camera) S-filter (low pass
filter)

None

Measuring field 8 mm × 8 mm L-filter (high pass
filter)

8 mm

Filter type Gaussian filter F-operation (shape
correction)

Secondary curved
surfaceEnd effect correction On

Regression lines with confidence and prediction intervals were calculated from the
different measuring points between 0 °C and −40 °C. This applies to both the cutting
forces and the surface parameters.

4 Results and Discussion

4.1 Cutting Force

Comparing the cutting forces when machining the wood samples at 20 °C and at 0 °C
(frozen), steps in the cutting force have been observed for the moist and wet wood
samples. The cutting forces during machining the dry wood samples do not show any
step during the transition to the frozen state.

The results of the cutting force tests (regression lines) on frozen wood are shown in
Fig. 3. It can be clearly seen that the cutting force increases with decreasing temperature
when machining the moist and wet wood samples, irrespective of the cutting direction.
In contrast, a constant course of the cutting force can be assumed for machining the dry
wood samples, whereby all three cutting directions show an approximately equal cutting
force. This is consistent with the results of various investigations of the mechanical
properties of wood. At low moisture levels, temperature has only a minor influence.



Investigation of Cutting Force and Surface Quality 171

With increasing moisture, the effects of temperature on mechanical properties increase,
with the effect being more pronounced at temperatures below 0 °C than at temperatures
above 0 °C [5].

Furthermore, it is noticeable that the cutting force in cutting direction A is signifi-
cantly higher than in cutting direction B and C for the moist and wet wood samples. It
must be mentioned that the scatter of the measured values in cutting direction A is very
high compared to cutting direction B and C. This results in large confidence intervals,
which leave a lot of latitude for the actual curves of the regression lines. The large range
of the cutting force in cutting direction A is already known and can vary by ± 30% for
spruce wood [17].

In cutting directionB it can be seen that themoist wood samples are easier tomachine
than the wet wood samples, which in turn are easier to machine than the dry wood
samples. In cutting direction C, the cutting forces of the moist and wet wood samples
are near each other. The behavior described for cutting direction B applies in cutting
direction C at a temperature lower than −15 °C. At temperatures above this it is easier
to machine wet wood samples than moist wood samples. The lower the temperature
decreases, the smaller the difference between the moisture levels becomes.

Fig. 3. Results of the cutting force tests of frozen wood (regression line). The cutting tests incor-
porate the three cutting directions A, B, and C (see Fig. 1) as wells as the three different moisture
contents dry, moist and wet.
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4.2 Surface Quality

Figure 4 shows the surface topographies of wood samples which were sawn in cutting
direction A, B and C.

Fig. 4. Surface topography of wet wood samples at−20 °C for cutting direction A (left), cutting
direction B (center) and cutting direction C (right)

In the following, the focus is on core height (Sk), because the tests have shown
that this parameter is generally more dominant than the reduced peak height (Spk)
and reduced dale height (Svk). No significant change or step in surface quality can be
detected when the wood is transitioned to the frozen state. While the surface quality of
the dry and wet wood samples increases when the temperature is reduced, the surface
quality of the moist wood samples deteriorates or remain approximately equal, (see
Table 2). Thus, if the wood sample has a low moisture content or is completely saturated
with water (wood-ice composite), the surface of the wood benefits from the changed
material properties as the temperature decreases. The deviating behavior of the moist
wood samples indicates that the simultaneous presence of ice in themacroscopic cavities
and, with decreasing temperature, increasingly migrating (liquid or liquid-like) water in
the microscopic cavities leads to a decrease in the surface quality with increasing drying
of the wood fibers (internal drying).

Moreover, the wood samples machined in cutting direction B and C show signifi-
cantly lower core height Sk values than the wood samples machined in cutting direction
A. Basically, with the given process parameters, the machined surfaces in cutting direc-
tion A are characterized by very coarse structures with deep, exposed pores. In contrast,
relatively smooth surfaces were produced in cutting direction B and C, where the knife
marks were partly recognizable in the height profile.

Table 2. Change in surface quality between 0 °C and −40 °C ((Sk-40 – Sk0)/Sk0)

Sample Cutting direction A Cutting direction B Cutting direction C

Dry wood samples −35,4% −21,7% −3,4%

Moist wood samples +50,2% −2,7% +22,1%

Wet wood samples −27,2% −29,6% −39,7%
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5 Conclusion and Outlook

This paper has created a basis for a sustainable and efficient operation of circular saws and
sawing lines. In general, the cutting forces when machining moist wood at temperatures
below 0 °C are lower than the cutting forces when machining wet wood, and the cutting
forces when machining wet wood are lower than the cutting forces when machining
dry wood. The cutting forces for machining dry wood are constant for all three cutting
directions. If the wood is moist or wet, the cutting forces increase in all three cutting
directions as wood temperature levels are dropping. When considering the surface of
the wood, a reduction in temperature for the dry and wet wood samples causes an
improvement in the surface quality during machining. The moist wood samples behave
in the opposite way for cutting directions A and C. In general, the cutting forces are
greatest in cutting direction A and very close to each other in cutting directions B and C.
The surface quality in cutting direction B and C is clearly better than the surface quality
in cutting direction A. Basically, the machining roughness is more dominant than the
protruding fibers and the structural roughness.

With regard to temperature andmoisture content, further investigations with a higher
resolution of both influencing factors may be useful. Especially for moisture content,
there are still large gaps between the considered levels of 4%, 35% and 200%. Future
research can also tie in by collecting, combining, evaluating and interpreting various data,
for example from cutting forces, acoustic noise, current profiles and rotation position of
the saw blade. Using suitable methods such as artificial intelligence or machine learning,
new perspectives for the optimal operation of saw lines can be generated. The field of
sensor data fusion has great potential in woodworking.
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