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Abstract

Controllable cutting performance is essential for handheld saws in both craft and professional wood processing. Despite
the widespread use of side-bevelled handsaw teeth in manual and electrically powered tools, the combined influence of
tooth geometry, set pattern, as well as cutting direction on cutting forces is not well understood. A Design of Experiments
(DoE) approach was applied to evaluate the effects of tooth type (universal, UT; compound, GT), side-bevel, set, set pat-
tern, and cutting direction on main (F,,) and normal (F,) cutting forces. Experiments were conducted on Norway spruce
blocks sourced from a single log, which was conditioned to achieve uniform moisture content and characterised using
X-ray computed tomography. A custom-built cutting rig measured F,, and F, under controlled cutting speed and depth
conditions. A 25! fractional factorial design was applied as an exploratory DoE screening approach to capture main and
two-factor interaction effects. F, was dominated by cutting direction and kerf-related factors, with GT teeth exhibiting
lower F, than UT teeth in rip cutting. F,, was primarily governed by tooth type, bevel, and set pattern. Interaction effects
between geometry and cutting direction were statistically significant, highlighting the multivariate nature of the cutting
process. Overall, cutting forces are governed by interactions between tooth geometry, set configuration, and cutting direc-
tion. The results provide a quantitative basis for further development of handsaw tooth design and cutting efficiency.

1 Introduction

Wood cutting with handheld saws remains fundamental in
craft and professional woodworking, including carpentry
and pruning. Efficient and controlled cutting is essential for
optimal surface quality, user effort, productivity, and safety.
Cutting forces represent a key performance metric, as they
influence handling and tool stability in handheld sawing
(Apati et al. 2025).

Side-bevelled teeth, formed by a lateral bevel inclined rel-
ative to the cutting direction, create a spear-point geometry
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characteristic of cross-cut manual handsaws (BSI 1999).
Such teeth can also be found in modern electrically driven
handheld saws. Studying manual handsaw tooth design is
therefore relevant for understanding and improving cutting
performance in a range of handheld saws.

Handsaw teeth for processing wood are commonly clas-
sified into two principal types: rip teeth and universal teeth
(BSI 1999). Rip teeth are primarily intended for cutting
along the grain, where material separation is dominated by
a bending and splitting mechanism, and this design makes
them inefficient for cross-grain cutting (Hoadley 2000).
Universal teeth, by contrast, incorporate a side-bevel that
enables a shearing mechanism during cross-grain cutting
while still allowing effective rip cutting when aligned with
the grain (Naylor 2014). Previous studies have shown that
orthogonal, rip-style teeth generally generate higher cutting
forces than bevelled tooth types (Naylor 2012).

Studies have also examined the influence of set pattern
on cutting performance. Results support that combinations
of unset and alternating-set teeth can reduce cutting time
or cutting resistance compared with fully set patterns (Mel-
lqvist and Johansson 2022). Cutting speed, by contrast, has
been reported to have only a limited influence within the
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range typical for handheld saws (Mellqvist et al. 2023).
Although these findings provide useful insight, most existing
studies consider individual parameters in isolation and do
not explicitly address their combined effects. Broader work
in timber material processing has emphasised multivariate
assessment approaches rather than a one-variable-at-a-time
perspective (Buck 2024). In addition, regime-dependent
behaviour has been reported in Scots pine end-milling,
where cutting speed showed almost no influence on sur-
face roughness when maintained at consistently low levels,
despite other parameters remaining influential (Jiang et al.
2025).

Key parameters influencing cutting mechanics include
tooth geometry (Gottlober 2023), tooth width (Meulen-
berg et al. 2021), set width or clearance (Li et al. 2018),

Fig. 1 X-ray computed tomography scan of a representative speci-
men; a front view for rip-cutting; b front view for cross-cutting, darker
regions indicate lower density, and lighter regions represent higher
density

@ Springer

and surface coating (Csanaddy and Magoss 2020). Wood
properties also play a dominant role; numerous studies have
reported correlations between wood density and cutting
forces (Chuchala et al. 2025; Eyma et al. 2005; Gottlober
2023; Kivimaa 1950; Mellgvist et al. 2025). Cutting direc-
tion further affects force development, with substantial dif-
ferences in the main cutting force between along-grain and
cross-grain cutting (Moradpour et al. 2013), whereas the
normal force is typically less sensitive to cutting direction
(Naylor 2012).

Despite previous studies, optimal design parameters for
side-bevelled teeth in handheld saws remain insufficiently
quantified, particularly regarding interactions between tooth
type, set pattern, and cutting direction. Understanding these
interactions is important for improving cutting efficiency
and controllability.

The present study therefore provides an exploratory
investigation of how selected geometric and operational
parameters influence cutting forces during along- and cross-
grain sawing, focusing on factors relevant for side-bevelled
teeth and industrial saw-tooth design. A Design of Experi-
ments (DoE) approach was applied to systematically evalu-
ate the effects of tooth type, set pattern, tooth set, bevel,
and cutting direction. The main cutting force and the nor-
mal force were analysed separately to capture their distinct
mechanical roles. The objective was to identify dominant
design parameters and interaction effects, thereby support-
ing the development of more efficient and application-spe-
cific saw-tooth geometries for handheld wood-cutting tools.

2 Materials and methods
2.1 Wood specimens

Test specimens of Norway spruce [Picea abies (L.) Karst.]
were obtained from Tarendd, Norrbotten, northern Sweden.
All material originated from a single log to ensure compa-
rable growth conditions. The timber had been initially dried
at the sawmill before being processed into experimental
specimens.

Sixteen specimens were subsequently cut and machined
into rectangular blocks with dimensions of 75 mm x
65 mm x 75 mm (width x height x length). Representative
CT images illustrating the specimen orientation and tool
engagement for rip and cross cutting are shown in Figs. la
and b, respectively. Following machining, all blocks were
conditioned for 12 days at 20 °C and 65% relative humidity.
Prior to conditioning, and throughout handling, specimens
were stored in sealed plastic packaging to minimise unin-
tended moisture exchange. After conditioning, the moisture
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content was determined using the oven-dry method (SIS
2003), yielding an average moisture content of 13%.

To characterise the wood material with respect to both
local variations and global density, the specimens were
examined using X-ray computed tomography (CT). This
non-destructive technique enabled identification of internal
defects and spatial density variations. The density distribu-
tion of all specimens was characterised using a Siemens
Somatom Emotion Duo Sliding Gantry CT scanner, model
2006 A H-SP-CR (Siemens Healthineers, Germany), with
each voxel representing a 0.3 mm x 0.3 mm x 1.0 mm vol-
ume element of the specimen.

Grayscale images were linearly calibrated such that the
air surrounding the specimens corresponded to 0 kg-m™.
A container with water was placed at the end of the scan-
ning table and served as a reference corresponding to
1,000 kg-m™, enabling conversion of grayscale values to
absolute density.

The mean CT-derived density was 466 kg-m™3, based on
the average density over a complete radial-tangential cross-
section area of each specimen. Mean specimen densities
ranged from 453 to 499 kg-m™, with a standard deviation of
15 kg'm™. Visual inspection of the CT data was performed
to exclude specimens containing knots, checks, or visible
fibre distortions. Specimens were individually labelled and
stored under the previously described controlled environ-
mental conditions prior to the cutting trials.

2.2 Cutting tools

Cutting tools were manufactured from 1.03 mm pre-hard-
ened martensitic steel blanks with hardness of 50 HRC.
The blanks were supplied with a polished surface finish as

part of the material specification, and no additional surface
treatment or polishing was applied. Tooth geometries were
derived from commercially available handsaw designs and
incorporated selected combinations not typically found in
production saws to broaden the investigated design space
beyond currently standard production combinations.

Two tooth geometries were evaluated: a universal hand-
saw tooth (UT) and a compound tooth (GT). The tooth pitch
was fixed at 7 teeth per inch (TPI). Tooth profiles were
characterised by the angles defined for this study: clearance
angle (), secondary clearance angle (o), wedge angle (j3),
rake angle (y), and side-bevel angle (A). A side-bevel is a
bevel ground on the lateral face of a tooth, inclined relative
to the cutting direction and forming a spear-point geometry.
These angles were consistently applied across the investi-
gated tooth geometries and are shown in Fig. 2a.

Following grinding, blanks were laser-cut using a
Trumpf TruLaser Cell 3000 (Trumpf, Germany) to obtain
the required tooth profiles and to ensure compatibility with
the fixture of the custom-built cutting test rig (Fig. 2b). Cut-
ting parameters were selected according to manufacturer
recommendations for the material thickness and steel grade
to ensure consistent edge quality and dimensional accuracy.
The tools were cut out with a 3° inclination, corresponding
to a cutting depth of 0.15 mm per tooth, consistent with val-
ues reported in earlier studies (Mellqvist et al. 2023; Naylor
2014).

2.3 Experimental apparatus and procedure
Cutting tests were performed using a custom-built cutting-

force test machine, shown in Fig. 3a. The main component
was a 1 m rotating arm carrying the wood specimen at one

no
W

Tooth a(®) B () y () a (%)
ut 46.5 58 -14.5 N/A
GT 70 32 -12 32

Fig. 2 Tool geometry for the investigated saw teeth; a tooth angles for UT (universal) and GT (compound) geometries, including the clearance
angle (), secondary clearance angle (o), wedge angle (B), rake angle (v), and side-bevel angle (A); b tooth cut-out geometry used for manufacturing
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end and a counterweight at the other to maintain static bal-
ance. During testing, the specimen repeatedly passed the
stationary cutting tool as the arm rotated. Due to the rota-
tion, the cut followed a slightly convex trajectory with an
arc height of approximately 1 mm over the cutting length.

Cutting speed was set to a peripheral velocity of
5.0 m-s™!, representing a practically relevant cutting speed
for handheld sawing and falling within the range previously
investigated for similar side-bevelled teeth (Mellqvist et al.
2023). One kerf was produced over 22 successive rotations
of the arm. After each rotation, the tool holder was indexed
by 0.6 mm into the workpiece before the next passage,
progressively increasing the cutting engagement (Fig. 3b).
The cutting tool consisted of four teeth arranged with a 3°
inclination, corresponding to a nominal cutting depth of
0.15 mm per tooth.

Because the first rotations involved only partial engage-
ment as the tool entered the rectangular specimen, these
were excluded from the force analysis. The mean cutting-
force response for each kerf was therefore calculated from
the final 12 of the 22 rotations, for which the teeth were
fully engaged across the workpiece. After completion of
one kerf, the tool holder was repositioned to produce the
next kerf at a lateral spacing of approximately 9 mm. Six
kerfs were produced for each experimental condition, from
which the reported mean values and standard deviations
were calculated.

Piezoelectric force sensors mounted on the tool holder
were used to record the main cutting force (F,,) and nor-
mal force (F,), corresponding to the cutting and normal

directions relative to the cutting motion. The analogue sig-
nals were amplified using a charge amplifier (Type 2635,
Briiel & Kjer, Denmark) and digitised with an A/D con-
verter (PCI-6023E, National Instruments, USA) at a sam-
pling rate of 15 kHz. Data processing was performed using a
custom LabVIEW 2013 (National Instruments, USA) appli-
cation developed in-house. A more detailed description of
the test equipment is provided by Meulenberg (2021).

The natural frequencies of the tooth were assessed by
impact excitation in three orthogonal directions to verify
that the dynamic response of the system did not interfere
with the force measurements. The measured resonant fre-
quencies were 4.4 kHz in the primary cutting direction and
2.5 kHz in both the feed and lateral directions.

2.4 Experimental design and data analysis

To efficiently investigate the influence of multiple param-
eters on cutting forces, a structured DoE methodology was
applied. In contrast to one-variable-at-a-time approaches,
DoE enables simultaneous variation of multiple factors,
thereby reducing the number of experimental trials while
allowing interaction effects to be identified (Antony 2023).
As the present work represents an exploratory screening
study intended to inform subsequent, more detailed inves-
tigations, a resolution V 2°°! fractional factorial design was
selected. This design prioritises estimation of main effects
based on the sparsity-of-effects principle, which states
that most higher-order interactions are negligible, and the
response is dominated by a few main effects and low-order

(a) (b) T o
Tool Holder // \\
/ Wood Specimen \\
Linear Slide / \
\
/ \
/ \
{ Cutting Tool |
Counterweight l = / g /I
Rotating Arm \\ Specimen Holder | ; Fm //
Specimen Holder A Velocity ¥ <, J
N\ / /
Motor \\ 0.6 mm indexing 4

Fig. 3 Experimental setup used for the cutting-force measurements;
a photograph of the test rig and its main components; b schematic
representation of the specimen trajectory, cutting-tool engagement,
measured force components (£, main cutting force, and F,, normal
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force), and tool indexing. During each rotation, the specimen passed
the stationary cutting tool, after which the tool holder was indexed by

0.6 mm before the subsequent engagement



European Journal of Wood and Wood Products (2026) 84:132

Page50f12 132

interactions (Montgomery 2012). This design allows esti-
mation of main effects and two-factor interactions with
substantially fewer experiments than a full factorial design,
which would have been prohibitively time- and resource-
intensive. Accordingly, five parameters were examined at
two levels each: one operational parameter and four geo-
metric design parameters adjustable within an industrial
manufacturing context (Table 1). The investigated factors
were Tooth (UT or GT), Pattern (L—R-L-R or 0—0-L—R),
Set (0.2—-0.4 mm), Bevel (28° or 35°), and Cutting direction
(CROSS or RIP), while the response variables were F,, and
Ep,.

The selected set values were not arbitrary but were based
on established industrial practice. For spring-set hand-
saws, recommended set values are typically expressed as
a ratio of blade thickness. According to BS 3159-1:1999,
cross-cut teeth commonly use set values in the range of
approximately 20-40% of blade thickness. Given the blade
thickness of 1.03 mm used in this study, this corresponds
to approximately 0.2—0.4 mm, which defined the selected
experimental levels.

Each geometry was assigned an identification num-
ber from 1 to 16, and the experimental run order was ran-
domised. Wood specimens were likewise randomly assigned
by specimen identification number to minimise systematic
bias.

The mean force response was calculated for each kerf
as described above, and mean force values for F, and F),
together with their corresponding standard deviations, were
subsequently calculated across the six kerfs for each experi-
mental condition. The processed data were analysed using
factorial analysis of variance (ANOVA) consistent with the
DoE structure, implemented in Minitab® Statistical Soft-
ware (version 21.4, Minitab, LLC, State College, PA, USA).

Statistical significance was assessed at a 95% confidence
level.

3 Results and discussion

The experimental matrix comprised 16 combinations of
tooth geometry and cutting direction, with each combina-
tion represented by six kerfs within each workpiece. Mean
force values with corresponding standard deviations are
reported in Table 1. The mean observed F, was 9.4 N (range
6.4-12.3 N), whereas F, exhibited a higher mean value of
27.3 N (range of 21.4-32.1 N). Both force responses showed
approximately symmetrical distributions. Regression analy-
sis showed that the cutting forces were strongly influenced
by interactions between tool geometry and operational
parameters, underlining the multivariate nature of the cut-
ting process, where changes in one factor alter the influence
of others. Comparable conclusions have been reported in
milling-force studies, where analytical frameworks were
selected specifically to address multi-factor coupling and
capture interaction-driven behaviour in force data (Shen et
al. 2026). This interaction-driven behaviour becomes appar-
ent in the following analyses of F,and F;,,.

3.1 Factorial regression analysis on F,

The importance of the main and two-way interaction effects
for F, is shown in the Pareto chart (Fig. 4a). The red verti-
cal line represents the threshold for statistical significance
at the 5% level. Effects ranging beyond this line are poten-
tially important to the response. The normal probability plot
(Fig. 4b) suggests that the residuals are approximately nor-
mally distributed.

Table 1 Fractional factorial experimental design, including randomised run order and factor combinations. Mean values with standard deviations

(SD) for main cutting force (£,,) and normal force (F,)

Run Tooth Pattern Set (mm) Bevel (°) Cutting F..+SD (N) F,+SD (N)
1 uT L-R-L-R 0.2 28 CROSS 31.0+£0.66 11.6+0.43
2 uT L-R-L-R 0.4 35 CROSS 28.4+1.49 10.5+0.59
3 GT L-R-L-R 0.2 28 RIP 22.1+0.80 9.6+£0.70
4 uT 0-0-L-R 0.2 35 CROSS 26.2+0.95 8.8+0.43
5 GT L-R-L-R 0.2 35 CROSS 27.9+0.80 6.8+0.28
6 UT L-R-L-R 0.2 35 RIP 26.0+£2.48 10.9+1.16
7 GT L-R-L-R 0.4 28 CROSS 29.1+0.31 8.8+0.22
8 GT 0-0-L-R 0.4 28 RIP 24.6+1.79 10.2+0.58
9 UT 0-0-L-R 0.2 28 RIP 24.0+3.00 8.8+1.14
10 GT 0-0-L-R 0.2 28 CROSS 32.1+1.37 10.4+0.47
11 UT L-R-L-R 0.4 28 RIP 28.0+£1.90 12.3+1.15
12 GT 0-0-L-R 0.4 35 CROSS 30.2+0.44 9.9+0.39
13 GT 0-0-L-R 0.2 35 RIP 21.4£2.15 6.4+0.49
14 GT L-R-L-R 0.4 35 RIP 25.7+£2.57 8.7+0.67
15 uT 0-0-L-R 0.4 35 RIP 30.9£2.03 8.2+0.49
16 UT 0-0-L-R 0.4 28 CROSS 28.6+1.20 8.3+0.63

@ Springer
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Name
Tooth
Pattern
Set
Bevel
Cutting

Factor

mooO®>»

2 4 6 8 10 12 14
Standardised Effect

Percent
(44
o
Y

0.1
-2 -1 0 1 2

Residual

Fig. 4 Effects and residual analysis for the normal cutting force (F,);
a Pareto chart of standardised main and two-way interaction effects,
where the red vertical line indicates the 5% significance threshold;
b residual plot showing the distribution of residuals for the fitted model

The factorial regression model for F, showed a strong
overall fit (R? = 87%, adjusted R? = 84%), supporting that
the selected factors explained most of the variability in the
response.

The fitted regression model for F, can be expressed in
uncoded units as:

Tooth Pattern

100

95

Mean of Fn

90

ut GT L-R-L-R

00LR

F, =23.34+ 1.05Toothyy ysgr — 117 Pattern;_g_;_guso—o—1—r — 27-73Setos_ o4
— 0.46 Bevel,g _ 35 + 1.34 Cuttingcross vsrip + 0.90 Tooth X Pattern
+ 3.26 Tooth X Set — 0.082 Tooth X Bevel — 0.13 Tooth X Cutting
+ 0.55 Pattern X Set + 0.015 Pattern X Bevel — 0.49 Pattern X Cutting
+ 0.95 Set X Bevel + 2.37 Set X Cutting — 0.065 Bevel X Cutting

Categorical factors were represented by indicator variables
corresponding to the experimental settings. The equation
describes the fitted response surface within the studied fac-
tor ranges. Regression coefficients are reported with limited
decimal precision. The signs of individual regression coef-
ficients should be interpreted in the context of interaction
terms and factor coding.

Among the main effects, Tooth, Pattern, and Bevel were
statistically significant (»p<0.001). As shown in Fig. 5, a
larger bevel angle and the GT tooth geometry were asso-
ciated with lower F,. By contrast, increasing Set resulted
in higher F,, (p=0.002), showing a greater normal-force
response at the higher Set level. Cutting alone was not sta-
tistically significant for the normal force (p=0.925).

A number of two-way interactions were highly signifi-
cant. The Tooth x Pattern interaction showed the largest
effect (p<0.001), showing that the effect of set pattern on
F, depends on tooth geometry. Other notable interactions
included Tooth x Set, Tooth x Bevel, Pattern x Cutting, Set
x Bevel, Set x Cutting, and Bevel x Cutting (all p<0.002).

Figure 6 presents four contour plots illustrating the influ-
ence of Tooth, Pattern, Set, and Bevel on the normal force
response. In Fig. 6a and b, which both represent UT teeth,
the contour plots show that F,, development is predominantly
driven by variations in the Set parameter. The influence of
Bevel is less pronounced for higher side-bevel angles. This
shows that, within the investigated factor range, Sef has a
more pronounced influence on the F, response of the UT
tooth than Bevel.

By contrast, Fig. 6¢ and d demonstrate that for GT teeth,
F, response is more strongly controlled by the variable
Bevel, while the effect of Set (i.e., clearance) appears less
influential. In this case, the side-bevel geometry has a more

Set Bevel

02 04 28 35

Fig. 5 Main effects plot for normal cutting force (£,). Only main effects that are statistically significant at the 5% level in the Pareto analysis are

included; negative slopes indicate decreasing F,

>

@ Springer
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(a) Fn
< 102
344 102 - 105
W 105 - 108
W 108 - 11.1
33.6 | 111 - 114
| > 114
328 Hold Values
Tooth uT
Pattern L-R-L-R
5 320 Cutting CROSS
3
@ 312
304
296
288
28.0
Set
(© .
<70
W 70-75
W75 - 80
M 80 - 85
| > 85
Hold Values
Tooth GT
Pattern L-R-L-R
Cutting CROSS

Bevel

Fig.6 Two-way interaction for F, between Bevel and Set illustrated by
contour plots. The Cutting factor was kept constant for all plots, while
Tooth type and Pattern were varied; a UT tooth, pattern L-R-L-R;

pronounced influence on the F, response, particularly at low
Bevel.

F, development for UT and GT teeth appears to be con-
trolled by different aspects of tooth geometry. For the UT
tooth, the F; response is more closely related to clearance-
related parameters, whereas for the GT tooth the influence
of side-bevel geometry is more pronounced. This difference
shows that the effects of Ser and Bevel cannot be considered
independently of the underlying tooth geometry.

The results further support that the influence of set pat-
tern differs between the two tooth types with respect to F,.
For the UT tooth, a favourable effect in terms of reduced F,
was observed for the paired set configuration (0—0-L—R).
This result is in line with full-scale saw experiments pre-
viously reported, where a similar set pattern was found to
be favourable compared to a full set configuration (Mel-
Iqvist and Johansson 2022). By contrast, for the GT tooth
the opposite tendency was shown, with the alternating set

(b) Fn

< 850

344 = 850 - 8.75

M 875 - 900

W 000 - 925

336 W 925 - 950

m > 950

Hold Values
Tooth uT

Pattern 0-0-L-R
Cutting CROSS

Bevel

Set
(d) Fn
< 85
344 W85 - 90
W90 - 95
| M 95 - 100
33.6 H > 100
Hold Values
32.8 Tooth GT
Pattern 0-0-L-R
_ 320 Cutting CROSS
[
>
)
@ 312
304
296
28.8
28.0

b UT tooth, pattern 0—-0-L-R; ¢ GT tooth, pattern L-R-L-R; d GT
tooth, pattern 0—0-L-R

pattern (L—R—L—-R) resulting in lower F,. The influence of
set pattern on GT tooth geometries has received little atten-
tion in previous studies. A detailed physical interpretation
of this behaviour is beyond the scope of the present study.

3.2 Factorial regression analysis on F,

The importance of the main and two-way interaction effects
for F,, is shown in the Pareto chart (Fig. 7a). The red verti-
cal line represents the threshold for statistical significance
at the 5% level. Effects ranging beyond this line are poten-
tially important to the response. The normal probability plot
(Fig. 7b) suggests that the residuals are approximately nor-
mally distributed.

For F,,, the factorial regression model achieved a strong
fit (R? = 80%, adjusted R? = 76%), with the selected factors
explaining a substantial proportion of the variability in the
response.

@ Springer
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Name
Tooth
Pattern
Set
Bevel
Cutting

‘ Factor

|
CE : A
i

moQoO®

AD

o
N

4 6 8 10 12
Standardised Effect

99.9
99

90

50 Vo

Percent

10

0.1
-5.0 -2.5 0.0 2.5 5.0

Residual

Fig. 7 Effects and residual analysis for the main cutting force (F),);
a Pareto chart of standardised main and two-way interaction effects,
where the red vertical line indicates the 5% significance threshold;
b residual plot showing the distribution of residuals for the fitted model

The fitted regression model for F,, can be expressed in
uncoded units as:
E, =47.71 4+ 1.38 Toothyr ysgr — 2.13 Pattern;_g__gruso—o-L-r — 62.9Set g5 _04
— 0.74 Bevel 55 _ 35 — 12.5 Cutting crossvsrip + 045 Tooth X Pattern
— 1.73Tooth X Set — 0.048 Tooth X Bevel — 1.27 Tooth X Cutting

+ 3.96 Pattern x Set + 0.03 Pattern X Bevel — 0.091 Pattern x Cutting
+ 2.29 Set X Bevel + 10.34 Set X Cutting + 0.24 Bevel X Cutting

Categorical factors were represented by indicator variables
corresponding to the experimental settings. The equation

Tooth

29

28

Mean of Fm

27

26

25
uT GT 0.2

describes the fitted response surface within the studied fac-
tor ranges. Regression coefficients are reported with limited
decimal precision. The signs of individual regression coef-
ficients should be interpreted in the context of interaction
terms and factor coding.

As shown in Fig. 8, Cutting direction had the most pro-
nounced effect, with lower F,,, observed in rip cutting than
in cross cutting. Increasing Sef resulted in higher £, indi-
cating that a wider kerf increases the required main cutting
force. Tooth contributed a significant negative effect, indi-
cating lower force requirements for the GT tooth. The main
effects of Cutting, Set, and Tooth were all statistically sig-
nificant (p<0.001). The effects of Pattern and Bevel were
not significant.

Several two-way interactions were statistically signifi-
cant and provided insight into the combined behaviour of
tool geometry and cutting parameters. The interaction Tooth
x Cutting was strongly negative, showing that the change
in F,, between cross and rip cutting depends on the specific
tooth form. Positive and significant interactions were also
found for Set x Cutting, Set x Bevel, and Bevel x Cutting
(all p<0.001).

Figure 9 presents contour plots illustrating the influence
of Tooth, Cutting, Set, and Bevel on F,,, with Pattern held
constant. As shown in Fig. 9a and c, where the cutting direc-
tion is identical but the tooth type alternates between UT
and GT, the main force is primarily affected by variations
in the Bevel parameter. At low values of both Sef and Bevel,
the influence of the two parameters becomes more compa-
rable. The model shows that Set plays a less dominant role
towards the higher bevel angle within the investigated inter-
val of 28-35°.

By contrast, Fig. 9b and d show that in the ripping direc-
tion, the influence of Set outweighs that of Bevel. In this
case, kerf width and the resulting clearance appear to have
a greater influence on Fm than changes in side-bevel angle.
Increasing Set, corresponding to a wider kerf, leads to higher
Fm, consistent with the trends observed in the contour plots.

Set I Cutting

04 CROSS RIP

Fig. 8 Main effects plot for main cutting force (F,,). Only main effects that are statistically significant at the 5% level in the Pareto analysis are
included; negative slopes indicate decreasing F',,, while positive slopes indicate increasing F,
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Fig. 9 Two-way interaction for main cutting force (F,,) between Bevel
and Set, shown as contour plots. The Pattern factor was kept constant
for all plots, while Tooth and Cutting were varied: a universal tooth

The influence of Bevel is comparatively smaller than that
of Set. A noticeable difference is observed in the rip-cut-
ting case, where the GT tooth has considerably lower force
requirements.

F_, represents the dominant load acting on the sawing
system and therefore has high practical relevance from
a machine and tool perspective. For F, cutting direction
was identified as one of the most influential factors, which
agrees with earlier wood machining studies reporting lower
forces and improved force stability in favourable grain-rel-
ative cutting directions (Zhu et al. 2019). The pronounced
influence of cutting direction is consistent with the aniso-
tropic structure of wood, since cross and rip cutting result in
different orientations of the wood fibres relative to the cut-
ting motion. A particularly pronounced effect is the differ-
ence between UT and GT teeth in rip cutting, where the GT
tooth shows a clearly lower maximum F,, than the UT tooth.
The magnitude of the interaction terms Tooth x Cutting and
Set x Cutting supports that the effect of cutting direction

(b)

CO®ND
vitiiiag

L L LR | ]
WNNNN

Hold Values
Tooth ut
Pattern L-R-L-R
Cutting RIP

Bevel

Set

(d)

Hold Values
Tooth T
Pattern L-R-L-R
Cutting RIP

Bevel

0.21 0.24 0.27 0.30 0.33 0.36 0.39
Set

(UT), cutting across the grain (CROSS); b universal tooth (UT), cut-
ting along the grain (RIP); ¢ compound tooth (GT), cutting across the
grain (CROSS); d compound tooth (GT), cutting along the grain (RIP)

is conditioned by tool geometry. This shows that the two
tooth geometries respond differently when the grain-rela-
tive cutting direction changes. In particular, the influence
of set-related parameters shows that increased kerf width is
associated with higher F, which is in line with other stud-
ies on orthogonal teeth (Meulenberg et al. 2022). However,
the side-bevelled pointed teeth investigated here differ geo-
metrically from conventional orthogonal cutting tools, and
the underlying cutting mechanisms may therefore not be
directly comparable. Nevertheless, it is not evident that opti-
misation of cutting performance should be based on main
force alone. This is especially relevant for handsaws, where
the user supplies the energy and the feed is determined by
the human—tool interaction rather than by a machine setting.

3.3 Prediction of optimal tool configurations

Optimisation analyses were performed for both cutting
directions. Because the most practically relevant difference
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Fig. 10 Predicted optimal factor settings for minimising cutting forces during rip cutting. Rows correspond to composite desirability (top), pre-
dicted normal force (F,), and predicted main cutting force (£),), respectively

between UT and GT was observed in rip cutting, only the
rip-cutting results are presented here. Figure 10 shows the
predicted optimal configurations for rip cutting, derived
from the regression models developed to estimate cutting
forces. The optimal settings were identified by maximising
a composite desirability function based on the regression
models.

The models enable estimation of both F, and F,, for
specific parameter combinations. Composite desirability
was used to quantify the overall optimisation. Individual
responses were transformed into desirability values rang-
ing from O (undesirable) to 1 (optimal), which were then
combined using a weighted geometric mean (Montgomery
2012). The factor combination maximising this index rep-
resents the predicted overall optimum, which in this case
resulted in a desirability value above 0.85. The predictions
demonstrate the potential of the DoE-based models as a
tool-support method for comparing tooth type and cutting
parameters within the investigated factor ranges. At the
same time, the results underline that optimal parameter set-
tings differ between cutting directions and tooth types, fur-
ther emphasising the importance of interaction effects.

Regression models for F, and F,, show high explanatory
power and provide a quantitative basis for predicting cut-
ting forces within the investigated factor ranges. An open
question remains whether F, can be regarded as a suitable

@ Springer

indicator of overall force requirements in a sawing system,
given its strong sensitivity to tool geometry and its less
direct relation to system-level loading. F, reflects the radial
loading acting on the tooth and therefore provides comple-
mentary information to F,, when assessing tool-workpiece
interaction.

The use of material from a single log was intended to
reduce wood anatomical variability and thereby facilitate
isolation of the effects of the investigated tool and cutting
parameters within this exploratory screening experiment.
This controlled material selection also limits the extent to
which the observed force levels and factor effects can be
generalised to Norway spruce with different density and
anatomical characteristics. Consequently, the results should
primarily be interpreted as relative effects and interactions
within the investigated material conditions. Validation using
material from multiple logs and a broader range of wood
properties would therefore be required to assess the wider
applicability of the identified effects and interactions.

The resulting slight convex curvature of the cutting path,
arising from specimen rotation and appearing as a shallow
variation in kerf depth across the cut, was small in relation
to the specimen dimensions and was not expected to sub-
stantially influence the force measurements.
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Future work should apply the developed models in
experiments with full-scale saws to evaluate their applica-
bility under practical cutting conditions.

4 Conclusion

This study used a Design of Experiments (DoE) approach
to analyse how tool geometry and cutting direction affect
cutting forces for wood-cutting teeth used in handsaws and
handheld power tools. The investigated parameters were
selected based primarily on their relevance from an indus-
trial manufacturing perspective.

Results show that the main cutting force (F,,) was pri-
marily influenced by cutting direction and kerf-related fac-
tors, with clear differences between rip and cross cutting. In
rip cutting, the compound tooth type (GT) exhibited a lower
maximum £, than the universal tooth (UT). By contrast, the
normal force (F,) was mainly governed by tooth geometry
parameters such as tooth type, bevel, and set pattern, with
different favourable configurations identified for UT and GT
teeth.

From an industrial viewpoint, the results support that
force reduction strategies should consider both cutting
direction and tooth type. The DoE-based regression models
developed in this study provide a quantitative basis for pre-
dicting cutting forces and demonstrate the potential of this
approach as a tool-support method in the development and
optimisation of tooth geometries for handsaws and hand-
held power tools.

This study focused on a four-tooth blade segment and
material from a single log. Despite these limitations, the
identified interactions between tooth, side-bevel, set config-
uration, and cutting direction provide valuable insights for
saw design and wood machining research. Further valida-
tion with full-length saws and broader material conditions is
recommended to confirm the applicability of these findings
under practical sawing operations.
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