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Abstract
& Key message The sawtooth parameters of the side edges
likely affect surface roughness to a large extent in wood
sawing. Our results point out the need to optimize the
parameters of the side edges in order to maximize wood
surface quality.
& Context Improving surface roughness of wood in rip sawing
by optimizing the sawtooth parameters is a significant topic of
focus in the research of wood processing. However, existing
research focuses mainly on the optimization of the sawtooth
parameters of the major cutting edges without taking into ac-

count the influences of length and angle of the side edges on
surface roughness. Thus, adaptive parameters for the side
edges should be proposed.
& Aims This study analyzes how the different parameters of
side edges influence surface roughness when circular saws are
used, and aims to resolve disparities between high feed speeds
and better surface roughness.
& Methods In particular, this article presents the use of a saw-
tooth with a mic-zero-degree radial clearance angle. Northeast
China ash (Fraxinus spp.) serves as the material for
conducting this rip-sawing experiment. Nine types of saw-
tooth geometries at different feed speeds are used to study
the influences of both the different radial clearance angles
and the straight length of the zero-degree radial clearance an-
gle on surface roughness (Ra).
& Results Surface roughness increases with the increase in
feed speed, and the smaller the radial clearance angle of the
sawteeth, the smaller the surface roughness. When the saw-
teeth have a mic-zero-degree radial clearance angle, the saw-
ing surface roughness is lower than that of the value of saw-
teeth with radial clearance angles, especially when the straight
length of the zero-degree radial clearance increases from 0 to
0.5 mm, in which case the decrease is most obvious.
& Conclusion Surface roughness depends, to a certain extent,
on the depth of the saw notch. A small part of the side edge
that forms the sawing surface participates in the actual cutting,
and the length of this section is approximately equal to the
feed per tooth. Sawteeth with mic-zero-degree radial clearance
angles can improve the surface quality of sawing. Also, if the
other cutting factors remain unchanged, surface roughness can
be improved and friction can be reduced between the side
edges and the wood by increasing the feed speed.
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1 Introduction

Circular rip sawing is applied mainly in the conversion of logs
into solid wood products and in the production of furniture.
The woodcutting process, when rip-sawing wood with circu-
lar saw blades, occurs with each of several cutting teeth. The
cutting process of wood is considered a technological scheme
that consists of several connected and relatively inseparable
parts such as that presented in Fig. 1 (Marko and Holík 2000;
Kováč and Mikleš 2009). The surface quality of solid wood
and wood-based panels is one of the most important properties
influencing manufacturing processes such as finishing as well
as affecting adhesive strength characteristics. The surface
quality from sawing is a function of factors related to the
process (i.e., feed rate), factors related to the tooling system
(i.e., cutting angle), and factors related to the material (i.e.,
moisture, density, or heterogeneity) (Thibaut et al. 2016).

Many researchers have been interested in surface rough-
ness (Koch 1964), which can be affected by different factors.
Thibaut et al. (2016) summed up the influence factors on
surface roughness in two sets of parameters:

(i) Those linked to the material: anatomical, physical,
chemical, and mechanical properties required to take into ac-
count for the scale effects (Triboulot 1984; Triboulot et al.
1991; Brémaud et al. 2011). Thus, softwood, mainly
consisting of tracheids, and hardwood, consisting of fibers
and vessels, present a range of surface roughness (Leban and
Triboulot 1994; Akbulut and Ayrilmis 2006; Bekhta et al.
2009).

(ii) Those linked to the manufacturing process: vibrations
of machines (Martin 1992); stability, wear of the cutting edges
of the tools (Aguilera Leon 2000); and cutting conditions
(Khazaeian 2006; Kilic et al. 2006). Thus, some authors have
found that a higher cutting speed can, in some cases, improve

the quality of the surface obtained from routing (Costes 2001;
Korkut and Donertas 2007). Another way to improve the saw-
ing process is to identify the best match between the cutting
material and the blade geometry (Simonin et al. 2009).

In recent years, much research has focused on efficient,
energy-saving, and cost-reducing sawing. Optimizing the
sawtooth parameters to improve surface roughness has been
one of the most significant research topics. Figure 2 shows the
sawtooth shape and angle of a traditional circular saw.

The cutting mechanics of woodworking regarding surface
quality in general have been studied and described by several
authors; for instance, Kirbach and Ngusya (1988) and Krilov
(1988) have reported that saws with beveled teeth perform
better in plant trials than those with swage teeth. In North
America, the “triple-chip” tooth design, which has chamfered
teeth alternating with swage teeth, is widely preferred for the
circular sawing of smooth surfaces. Krilov (1988) reported im-
proved performance in sawmill trials of a symmetrical full-

Fig. 1 Technological system, “the cutting process” (Kováč and Mikleš
2009), consists of a four-part subsystem: workpiece (wood species,
humidity, density, and toughness), cutting conditions (sum of conditions
relating to workpiece, cutting tool, and cutting mechanism), cutting
mechanism (mechanism of the main movement; feed; number of
working movements; and procedure of performance, thickness, and
width of a layer, which is cut; cutting angle; speed of cutting movement
and feed; cutting forces; and friction forces), and a cutting tool (cutting
wedge angle, number of teeth, material properties, surface roughness,
cutting edge length)

Fig. 2 Tooth tip geometry: a schematic of sawtooth from a circular saw;
b views of tooth geometry angles from A and B direction: B = width of
sawtooth; S′ = tooth side clearance; λ = radial clearance angle; γ = rake
angle; α = back-clearance angle; λ′ = tangential clearance angle
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width bevel design. Another design with symmetrically
beveled top edges and slightly curved side edges was found
byHeisel et al. (1998) to produce “extraordinary” improvement
in surface quality. McKenzie (2000), in the USA, theoretically
analyzes the influences of five-teeth shapes on surface
roughness.

The study of sawtooth with a zero-degree radial clearance
angle was first presented by Meng and Qi (1999) in China.
The results show that the band saw blade of a zero-degree radial
clearance could improve the quality of surface cutting (Meng
et al. 2001a, b). However, most of the previous work has fo-
cused on the cutting quality of the main edge, whereas the in-
fluence of length and angle of the sawtooth side edge on the
surface quality of sawing was not taken into account. In the
process of sawing wood, the side edge also plays a role in
cutting. In fact, with the extensive application of the ultrathin-
cemented carbide circular saw for woodworking, the width of
the main edge of the sawtooth continues to narrow, and the
width of some blades reaches 1.0 to 1.2 mm. Wood is an elas-
tic–plastic material with anisotropy, and a large quantity of chips
could be produced in the process of wood sawing through wood
fiber extrusion, tearing, severing, and other forms of damage.
Friction occurs between the sawtooth and the surface of the
sawed wall during the process of chip generation in the gullet
area, and the formation of the sawing surface is caused mainly
by the side edges. Thus, the geometric parameters of the side
edges can play a significant role in the process of wood sawing.

The main objectives of this paper include analyzing the
influences of the parameters of the side edges on surface
roughness by using a circular saw with varying parameters
of side edges, resolving contradictions between high feed
speeds and improving surface roughness, and providing refer-
ences for redesigning woodworking circular saws.

2 Theoretical background

In wood machining, three main cutting directions can be de-
fined (Fig. 3). Also, factors to take into account include the
angle between the tool edge and the direction of the fiber and
the angle between the cutting direction and the direction of the
fiber (Fig. 3). The three main cutting directions are as follows:
(1) When the cutting direction is 90°–90°, both the cutting
edge and the cutting direction are perpendicular to the grain
(as for rip sawing). (2) When the cutting direction is 0°–90°,
the cutting edge is parallel to the grain, but the cutting direc-
tion is perpendicular to the grain (as for veneer cutting). (3)
When the cutting direction is 90°–0°, the cutting edge is per-
pendicular to the grain, but the cutting direction is parallel to
the grain (as for planing).

Wood sawing is closed cutting, that is, the sawteeth cut the
wood with three cutting blades (one main edge and two side
edges). The three cutting planes (two sawing surfaces and one

kerf surface) can be achieved after the motion of the sawtooth.
Circular rip sawing is widely used as a head saw for the primary
breakdown ofwood at the 90°–90° cutting direction for themain
edge and at the approximately 0°–90° cutting direction for the
two side edges by using the McKenzie notation (McKenzie
1961; Laternser et al. 2003). The angle between the cutting
direction of two side edges and the direction of the fiber changes
as the circular saw blade rotates. The sawing surface is formed
by the two side edges. Because of the radial clearance angle and
blade vibration, the saw notch appeared on the sawing surface
(Fig. 4). Given that the circular saw cuts wood under the premise
of having no deflection and transverse vibration, the surface
roughness of sawing is predetermined and consists of numerous
saw notches. Sawing kinematics on the circular sawing machine
is shown in Fig. 5a; Fig. 5b shows a case in which the radial
clearance angle is λ from theM-M cut section. The profile of the
sawtooth is b-e-e′-b′, a small part of two side edges (b-e and b′-e
′) produced the sawing surfaces, and the main edge (b-b′) gen-
erated the kerf surface. The depth of the saw notch refers to the
distance between the wave peak and the wave bottom caused by
themain edge and the side edges, represented by Sn, whereas the
width of the saw notch refers to the distance between the wave
troughs caused by the contiguous tooth top, represented by Sb.

Feed per tooth : Uz ¼ U
n⋅z

ð1Þ

The feed per tooth Uz is associated with the surface rough-
ness of the saw cutting. The smaller the Uz, the smaller the
surface roughness.

Chip thickness : h ¼ f z⋅sinφ ð2Þ

Because chip thickness refers to the normal direction be-
tween the two adjacent tracks of the tooth top at a certain
position, it is equal to the width of the saw notch Sb.

Fig. 3 Basic cutting modes in wood cutting (McKenzie 1961; Laternser
et al. 2003). The first number is the angle between the tool edge and the
fiber direction; the second, the angle between the cutting direction and the
fiber direction
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As shown in Fig. 5a, b, the equation of the width of the saw
notch of the circular saw is as follows:

Width of the saw notch : Sb ¼ Uzsinφ ð3Þ

In sawing, when the sawtooth cuts the wood at the begin-
ning, the width is the smallest. Concurrent to the sawing, the
sawtooth gradually goes deep into the wood, and the width
continues to increase. When the sawtooth leaves the saw line
and the angle is zero degrees, a = 0 and sinφ = 1. At this time,
h = Sb =Uz, as shown in Fig. 5b.

The depth of the saw notch is

Sn ¼ Sbtanλ ¼ f zsinφtanλ ¼ U
n⋅z

sinφtanλ: ð4Þ

As shown in Eq. 4, the methods for reducing the
depth of the saw notch and the surface roughness—un-
der the condition that the number of sawteeth Z and the
angular tooth position are fixed—would be to increase
the rotation speed n and to reduce either the feed speed
U or the radial clearance angle λ.

During the actual cutting, the reduction of feed speed U
affects the cutting efficiency. Also, the increase of the rotation
speed n of the saw blade is also within a certain range, which
affects the user safety of the saw blade.

Schematic of sawing surfaces formed by sawtooth with a
straight length of zero-degree radial clearance and a zero-de-
gree radial clearance angle from the M-M cut section are
shown in Fig. 5c. The profile of a sawtooth with a zero-
degree radial clearance angle is b-d-d′-b′. When λ = 0°, and
the depth of the saw notch is theoretically zero, the cutting
surface will be a theoretical surface. If the sawtooth with zero-
degree radial clearance angle is used in sawing, the surface
roughness will not be reduced with an increase in the feed per
tooth in order to increase processing efficiency.

A small part of the side edges participates in wood sawing,
in which the length of the participation is approximately equal
to the feed per tooth; thus, the straight length of the zero-
degree radial clearance could be designed on the edges of
the sawteeth to reduce the friction between the side edges
and the wood. The sawtooth profile is b-c-e-e′-c′-b′ (Fig. 5c),
and the straight segment is b-c and b′-c. The ideal length is

Fig. 5 a Sawing kinematics on a circular sawing machine: Uz = feed per
tooth; D = circular saw blade diameter; h = uncut chip thickness; Hp =
workpiece height (depth of cut); a = position of the workpiece; ϕ =
angular tooth position. b Schematic of the formation of sawing surfaces

with a radial clearance angle from the M-M cut section. c Schematic of
the formation of sawing surfaces with a straight length of zero-degree
radial clearance and a zero-degree radial clearance angle from the M-M
cut section

Fig. 4 An example of the saw
surface caused by circular saw.
The sawing surface caused by the
two side edges. Because of the
existence of the radial clearance
angle and the blade vibration, the
saw notch appeared on the sawing
surface
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close to that of the feed per tooth; thus, the sawing surface
quality can be ensured, and the friction area can be reduced.

On the basis of the research scenario provided, we put
forward the concept of micro sawteeth with zero-degree radial
clearance angles. The side edge consists of a zero-degree ra-
dial clearance angle section l (b-c or b′-c′; Fig. 6b) and a
nonzero-degree radial clearance angle section l′ (c-e or c′-e′,
Fig. 6b). The zero-degree radial clearance angle section l par-
ticipates in cutting. Because the feed per tooth in cutting is
relatively small, and the zero-degree radial clearance angle
section l is quite small compared with the total length of the
edges, the sawteeth are called a sawteeth with mic-zero-degree
radial clearance angles. Compared with a sawtooth with a
zero-degree radial clearance angle (Fig. 6a), a sawtooth with
a mic-zero-degree radial clearance angle touches the sawing
wall only in the zero-degree radial clearance angle section of
the side edge. Thus, a smaller friction force occurs. Relative to
a sawtooth with the zero-degree radial clearance angle, a saw-
tooth with the mic-zero-degree radial clearance angle causes a
smaller temperature rise and has better stability.

3 Materials and methods

3.1 Materials and equipment

The raw material was ash (Fraxinus spp.) with a depth of cut
equal to that of Hp (Table 1) derived from the northeast region
in China, which has an air-dry density of 0.67 g/cm3 and 18%
moisture content. Test samples were 750 mm long, 35 mm

wide, and 120 mm high. The samples were machined in
NC-1325 IP with variable rotation and feed speeds (Fig. 7a).
The basic sawing machine data and cutting parameters for
which the computations were performed are given in Table 1.

The circular saw involved in the test was a Z 36 tungsten
carbide (HW) tooth with a 20° rake angle, a 15° back-
clearance angle, a 250-mm cutting diameter, and a 2.6-mm
kerf. The cutting head of the saw blade consisted of YG6X,
and the base material was 65 Mn. The grinding process of the
traditional cemented carbide sawtooth was as follows: the
bevel grinding of the side tooth surface (radial clearance an-
gle)–back-clearance angle (back face)–rake angle (rake face).
To grind different zero-degree radial clearance angle sections

Fig. 6 a Sawtooth with a zero-
degree radial clearance angle
(Meng and Qi 1999). b Sawtooth
with a mic-zero-degree radial
clearance angle: λ = radial
clearance angle; B = width of
sawtooth; S′ = tooth side
clearance; l = zero-degree radial
clearance angle section; l′ =
nonzero-degree radial clearance
angle section; h′ = height of
sawtooth

Table 1 Values of cutting parameters

Cutting process Parameter Value(s)

Cutting tool γ (rake angle) 20°

α (back-clearance angle) 15°

λ′ (tangential clearance angle) 3°

λ (radial clearance angle) 0°, 1°, 2°

l (straight length of zero-degree
radial clearance)

0, 0.5, 1, 2 mm

h′ (height of sawtooth) 8 mm

S′ (tooth side clearance) 0.4 mm

Cutting
conditions

Hp (depth of cut) 35 mm

n (saw rotate speed) 3500 rpm

U (feed speed) 5, 10, 15 m/min

Uz (feed per tooth) 0.04, 0.08, 0.12 mm
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with the side edges to guarantee the same width of the cutting
head, the sequence of the grinding process is adjusted as fol-
lows: grinding the side tooth surface (linear)–back-clearance
angle (back face)–rake angle (rake face)–bevel grinding of the
side tooth surface (radial clearance angle). In this way, not
only the width of the cutting edge but also the length of the
zero-degree radial clearance angle sections is ensured. Also,
the microscope was adopted for observing the shapes of the
sawteeth. Because of the limitation in grinding-machining
precision, the minimum length of the mic-zero-degree radial
clearance angle section is 0.5 mm based on the existing
technology.

Surface roughness measurements were performed with a
contact diamond stylus (Fig. 7b), and the cutoff length was
2.5 mm sampling lengths. The roughness parameter charac-
terized by ISO 4287 standard (ISO 1997), considered for
assessing the surface characteristics of the samples, was the
arithmetical mean deviation Ra.

3.2 Design of the test

Nine different tooth geometries were tested: 0°, 1°, 1°–
0.5 mm, 1°–1 mm, 1°–2 mm, 2°, 2°–0.5 mm, 2°–1 mm, and
2°–2 mm. The first number is the angle of the radial clearance
angle (λ), and the second is the straight length of the zero-
degree radial clearance (l). The cutting speeds were 5, 10, and
15 m/min, and three cuts were made in each test. The test
consisted of perpendicular cutting (90°–90°) on the tangential
section.

To minimize inaccuracies when comparing blade displace-
ment obtained from cutting different samples of wood, after
each cut, the remaining specimen of 75 × 35 mm was evalu-
ated by measuring its roughness at 10 points. The measure-
ment avoids the wood ray. The maximum and minimum
values of each group are removed, and the average value is
selected as the experimental determination value.

4 Results

4.1 Surface roughness under the feed speed change

Figure 8 shows the varying values of surface roughness under
feed speed changes with different radial clearance angles and
zero-degree radial clearance angle sections. As shown in
Fig. 8, under the condition that the sawteeth of the circular
saw blade have radial clearance angles, the surface roughness
increases with increases in feed speed, respectively, from 25.7
to 30.1 μm and from 27.1 to 33.3 μm. Also, the larger the
radial clearance angle is, the larger the increase in degree.
When the radial clearance angle is zero degrees, the surface
roughness Ra changes significantly with increases in feed
speed, from 19.5 to 21.0 μm. However, when the sawtooth
has a zero-degree radial clearance angle section, whether the
radial clearance angle is 1° or 2°, the surface roughness is
significantly reduced compared with the sawtooth with a
nonzero-degree clearance. Also, the larger the feed speed is,
the more obvious the influence.

4.2 Surface roughness under the radial clearance angle
change

Figure 9 shows the surface roughness of sawing with different
sawteeth of radial clearance angles. Also shown, under the
same cutting conditions, surface roughness increases with in-
creases in the radial clearance angle. When the feed speed
remains at 5 m/min, the surface roughness value increases
from 19.5 to 27.1 μm. When the feed speed remains at
10 m/min, the surface roughness increases from 20.1 to
29.7 μm. When the feed speed remains at 15 m/min, the sur-
face roughness increases from 21.0 to 33.3 μm. Also, when

Fig. 7 a Schematic of rap sawing using an NC-1325 IP with variable
rotation and feed speeds. b Surface roughness measurements were
performed with a SURTRONIC25 contact diamond stylus (Taylor
Hobson, UK)
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the sawtooth has a radial clearance angle, its surface rough-
ness also increases when the feed speed increases.

4.3 Surface roughness under the straight length
of a zero-degree radial clearance change

Figure 10 shows the influences of different zero-degree
radial clearance angle sections on surface roughness Ra
when the radial clearance angles are 1° and 2°, respec-
tively. As shown in Fig. 10, when the zero-degree radial

clearance angle section increases from 0 to 0.5 mm, the
decrease in surface roughness is most significant. Also,
Fig. 10 shows the difference in value increases with
increases in feed speed. When the feed speed is 15 m/
min, the surface roughness values decrease from 30.1 to
23.8 μm and from 33.3 to 26.2 μm, respectively.
However, when the zero-degree radial clearance angle
section is larger than 0.55 mm, the increase of the sur-
face roughness with the increase of the zero-degree ra-
dial clearance angle section is not obvious.

Fig. 8 Effect of feed speed on
surface roughness: the first
number is the angle of the radial
clearance angle; the second is the
straight length of the zero-degree
radial clearance, such as 1°–
0.5 mm, on behalf of the circular
saw blade with a sawtooth
structure radial clearance angle of
1° and a straight length of zero-
degree radial clearance of 0.5 mm

Fig. 9 Effect of radial clearance
angle on surface roughness at
different feed speeds. The
horizontal lines are the values of
the radial clearance angle λ (°);
the vertical whisker represents the
surface roughness Ra (μm)
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5 Discussion

Surface roughness increases with increases in feed speed.
Also, the larger the radial clearance angle is, the larger the
degree of increase. This occurrence is mainly attributable to
the surface roughness of the sawing being affected by the
depth of the saw notch to a certain extent. According to
Eq. 4, if the other factors remain unchanged, the depth of the
saw notch increases with increases in feed speed, thus increas-
ing the roughness of the cutting surface. However, when the
sawtooth has a zero-degree radial clearance angle section,
whether the radial clearance angle is 1° or 2°, the surface
roughness is significantly reduced compared with that from
a sawtooth with a nonzero-degree clearance. The larger the
feed speed, the more obvious the influence.

As given in Eq. 4, the surface roughness increases with
increases to the radial clearance angle, and the radial clearance

angle directly affects the depth of the saw notch. If factors
such as saw vibration, wear, and anisotropy of wood structure
are ignored, and when the radial clearance angle is zero de-
grees, the theoretical value of the surface roughness is 0.
However, the actual result is that the surface roughness also
increases with increases in feed speed, although by a smaller
increase, which is mainly attributable to the sawtooth with
zero-degree radial clearance angle. However, with the increase
in feed speed, saw vibration problems occur more frequently.
This finding suggests that a sawtooth with a zero-degree radial
clearance angle can effectively alleviate the problem of in-
creased surface roughness caused by increased feed speed.

When the sawteeth have mic-zero-degree radial clearance
angles, the sawing surface roughness is lower than that from
sawteeth with radial clearance angles. Especially when the
straight length of a zero-degree radial clearance increases from
0 to 0.5 mm, the decrease is most obvious. With increased
feed rate, the difference in surface roughness is greater.
According to the previous analysis, a small part of the side
edge, which formed the sawing surface, participates in the
actual cutting, and the length of a small part of the side edge
is approximately equal to the feed per tooth. Also, the straight
length of the zero-degree radial clearance 0.5 mm is greater
than that of the feed per tooth of 0.04 mm (the maximum feed
per tooth in this experiment). The zero-degree radial clearance
angle section of the side edge plays a role in the planing of
wood. Thus, compared with a sawtooth with a zero-degree
radial clearance, a zero-degree radial clearance angle section
on the side edge can also improve sawing surface quality. The
advantage of this type of sawtooth is that the surface rough-
ness can be improved on the premise that increasing feed
speed and friction can be reduced between the side edges
and the wood.

6 Conclusion

Surface roughness depends on the depth of the saw notch to a
certain extent. If other factors remain unchanged, the depth of
the saw notch increases with increases in feed speed, thus
improving surface roughness.

The smaller the radial clearance angle is, the smaller the
surface roughness is in wood rip sawing. A circular saw with a
zero-degree radial clearance angle can effectively alleviate the
disparity of increased surface roughness caused by the in-
crease in feed speed.

A small part of the side edge, which formed the sawing
surface, participates in the actual cutting, and the length of this
part of the side edge is approximately equal to the feed per
tooth. Thus, the zero-degree radial clearance angle section of
its side edge plays a role in planing wood. Compared with a
sawtooth with a zero-degree radial clearance angle, it can also
improve the surface quality of sawing. Also, if the other

Fig. 10 Effect of the straight length of zero-degree radial clearance on
surface roughness at different feed speeds. a Radial clearance angle is 1°;
b radial clearance angle is 2°. The horizontal lines are the length of the
zero-degree radial clearance l (mm); the vertical whisker represents the
surface roughness Ra (μm)
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cutting factors remain unchanged, surface roughness can be
improved on the premise of increased feed speed and reduc-
tion in friction between the side edges and the wood. Thus, the
contradiction between high feed speed and better surface
roughness can be resolved effectively.
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