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Effect of grain angle on the strain 
distribution during orthogonal cutting of hinoki 
(Chamaecyparis obtusa) measured using 
a digital image correlation method
Yosuke Matsuda1*, Yuko Fujiwara2 and Yoshihisa Fujii2

Abstract 

The strain associated with orthogonal cutting with and against the grain of hinoki (Chamaecyparis obtusa) was 
measured. Digital image correlation method was used to measure strain distributed in the area within 0.5 mm of the 
cutting edge. The relationship between strain and the use of different grain angles (− 15° ≤ ϕ ≤ + 15°) was investi‑
gated. The compressive strain parallel to the cutting direction was detected in the area above the path of the cutting 
edge regardless of ϕ . The tensile strain normal to the cutting direction which generated cleavage ahead of the tool 
decreased with increasing ϕ , when the cutting angle was 30°. While cutting with the grain, shear strain above the 
path of the cutting edge was positive when the cutting angle was 30°, although it changed to negative with larger 
cutting angles. The maximum principal strain given by a cutting angle of 50° was less affected by ϕ than those given 
by the other cutting angles. The maximum principal strain ahead of the tool was minimized when the cutting angle 
was 50° and + 5° ≤ ϕ ≤ + 10°.

Keywords:  Orthogonal cutting, Digital image correlation, Grain angle

© The Author(s) 2019. This article is distributed under the terms of the Creative Commons Attribution 4.0 International License 
(http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium, 
provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, 
and indicate if changes were made.

Introduction
Wood cutting is a process that removes part of a work-
piece (as a chip) and produces a newly finished surface. 
Strain is distributed throughout the workpiece as the cut-
ting tool applies its cutting force onto the workpiece. A 
chip is produced when the destruction of wood occurs 
because the local strain near the cutting edge of the cut-
ting tool (i.e., the intersection between the rake and 
the clearance faces of the tool) exceeds the mechanical 
strength of the wood in that area.

In our previous studies [1, 2], strain distributed within 
0.5  mm from the cutting edge and the residual strain 
beneath the finished surface in orthogonal cutting par-
allel to the grain of hinoki (Chamaecyparis obtusa) were 
measured using a digital image correlation (DIC) method. 

The DIC method is a non-contact strain measurement 
technique [3–7] that has been gaining popularity in the 
fields of wood research and wood-based material science 
[8–12]. We have shown that the DIC method is appropri-
ate for measuring strain in wood cutting. We have also 
shown that the strain distribution within 0.5 mm of the 
cutting edge varies depending on the depth of cut and the 
cutting angle [1]. In addition, the relationships between 
the residual strain beneath the finished surface and the 
subsurface damage were evaluated using X-ray computed 
tomography [2, 13]. These studies are necessary for deter-
mining the wood cutting mechanism from the viewpoint 
of the strain distribution near the cutting edge.

The grain angle (i.e., the angle between the cutting 
direction and grain direction on the plane parallel to the 
grain direction and perpendicular to the finished surface) 
should be taken into account when evaluating the mech-
anisms involved in the wood cutting process. The use of 
an inappropriate grain angle is closely associated with the 
undesirable generation of fuzzy or torn grain, which is 
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a typical machining defect in wood cutting. There have 
been a few studies that investigated the effect of using 
different grain angles on the resulting quality of the fin-
ished surface [14–16]. Stewart showed that torn grain 
tended to be produced when the cutting was conducted 
against the grain, especially where the grain angle was 
between − 20° and 0° [14]. Yamashita demonstrated that 
the torn grain was the longest where the grain angle was 
− 5° [15]. Kinebuchi stated that cutting that is done with 
the grain can result in fuzzy grain if the cutting edge was 
blunt [16]. Some other studies investigated the relation-
ships between the grain angle and the cutting force [17–
21]. However, the relationships were different among the 
studies because the different wood species, cutting speed, 
rake angle, and/or depth of cut were used [20]. McKenzie 
and Hawkins [22], and Stewart [23] demonstrated that 
the type of chip formation [24–26] varied depending on 
the grain angle, which indicated that the grain angle has 
important effects on the appearance of the split, chip fail-
ure, and removal of the chip. However, the effect of the 
grain angle on strain distribution near the cutting edge 
has not been explored in detail; this should be analyzed 
to prevent machining defects.

Here, we assess the relationships between the grain 
angle and the strain distribution near the cutting edge in 
orthogonal cutting with and against the grain. We con-
ducted cuttings with and against the grain of hinoki. The 
strain distributed within approximately 0.5  mm of the 
cutting edge was measured using the DIC method. Dif-
ferent cutting conditions, such as the use of different cut-
ting angles and depths of cut, were used for investigating 
the relationships between the grain angle and the strain 
distribution.

Materials and methods
Specimens
The workpieces consist of the heartwood of air-dried 
hinoki. The dimension of each workpiece was 50  mm, 
45  mm, and 5  mm in longitudinal (L), radial (R), and 
tangential (T) directions, respectively. We tested vari-
ous grain angles ( ϕ ), (i.e., the angle between the cutting 
direction and grain direction on the plane parallel to the 
grain direction and perpendicular to the finished surface) 
ranging from − 15° to + 15° with intervals of 5°. Negative 
ϕ values indicate where the cutting was against the grain, 
whereas positive ϕ values indicate where the cutting was 
with the grain. The workpieces had an average air-dried 
density of 0.36 g/cm3 and an average moisture content of 
10.9%. The average annual ring width was 1.1 mm.

The LR surface was analyzed using the DIC method. 
It was finished using a rotary planer though fuzzy grain 
appeared on the surface. The average of surface rough-
ness (Rz) (or the maximum height of roughness profile 

JIS B 0601:2013) was 14.9 µm at cut-off value of 0.8 mm. 
The distribution of the fuzzy grain and the arrangement 
of the tracheid and ray tissue showed a random speckle 
pattern, which is necessary for the application of the 
DIC method [6, 7]. Therefore, no artificial decoration 
(e.g., spraying with black paint) was undertaken on the 
workpieces in this study.

Cutting experiments
Figure  1 presents a schematic overview of the cut-
ting experiment. The flat-sawn LT surface (i.e., bark 
side) was cut orthogonally by feeding the cutting tool 
through the workpiece at a constant speed of 5 mm/s. 
The cutting edge was perpendicular to the grain. The 
directions parallel and normal to the cutting direction 
were designated as x and y directions, respectively. 
The cutting tools were composed of high-speed steel 
(SKH51) with rake faces with a 5-µm coating of chro-
mium nitride. The wedge angles of the tool were 25, 45, 
and 65°. The clearance angle was kept constant at 5° to 
create the cutting angles (θ) of 30, 50, and 70°, respec-
tively. The depths of cut (d) were 0.1, 0.2, and 0.3 mm. 
Cutting was conducted three times for each combina-
tion of θ, d, and ϕ . Thus, the cutting was conducted 
3 × 3 × 7 × 3 = 189 times in total. A new workpiece was 
used for each cutting.

The cutting experiment was recorded using a high-
speed camera (VW-6000, KEYENCE). The optical axis of 
the lens unit (VH-Z150, KEYENCE) was held perpendic-
ular to the LR surface. The frame rate, shutter speed, and 
image resolution of the camera were 250  fps, 1/2000  s, 
and 2.2 × 10−3  mm/pixel, respectively. The field of view 
of the camera was 1.42 mm × 1.07 mm (640 pixels × 480 
pixels) in the horizontal (x) and vertical (y) directions, 
respectively. The depth of field of the camera was approx-
imately 0.05  mm. All chip formations recorded in the 
video clips were classified into four types of chip forma-
tion: Type 0 (Flow type), Type I (Cleavage type), Type II 
(Shear type), or Type III (Compressive type). These types 
of chip formation were defined by Franz [24, 25] and 
McKenzie [26].

The fluctuation in the distance from the LR surface to 
the camera during the recording can result in inaccura-
cies in the strain measurements. Therefore, the work-
piece was cut without a bias angle to avoid application of 
a lateral cutting force that may cause the fluctuation in 
the distance from the LR surface to the camera. Inaccu-
racies and error in the strain measurements may also be 
caused by Poisson’s effect and the vibration of the camera 
and/or the motorized linear stage. However, the overall 
degree of error in the strain measurements was found to 
be negligible in our previous study [1].
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DIC analysis
Every video recording was converted into an image 
sequence of 8-bit grayscale still images using ImageJ soft-
ware (ver. 1.50e; available online: https​://image​j.nih.gov/

ij/downl​oad.html) [27]. Grayscale images taken before 
and during the cutting were designated as reference and 
target images, respectively. The images were analyzed 
using the DIC program we coded in MATLAB [28].
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Fig. 1  Schematic overview of the cutting experiment. a Cutting against the grain ( ϕ < 0°). b Cutting with the grain ( ϕ > 0°)
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A region of interest (ROI) used for the measurements 
was defined in the reference image (the yellow area in 
Fig. 2). The width (x direction) of the ROI was 360 pix-
els (0.80 mm) and the height (y direction) of the ROI was 
140–220 pixels (0.31–0.49 mm), respectively. The height 
of the ROI was adjusted depending on d. Latewood was 
excluded from the ROI. In the target image, the ROI cov-
ered the area from 90 pixels (0.20 mm) behind the cutting 
edge to 270 pixels (0.60 mm) ahead of the cutting edge. 
The bottom of the ROI was located 110 pixels (0.24 mm) 
below the path of the cutting edge.

A virtual grid was imposed over the ROI (Fig. 2). The 
grid points (the white squares in Fig.  2) were placed 20 
pixels (0.04 mm) apart. A reference subset (the red square 
in Fig. 2) was centered at each grid point. The width and 
height of the reference subset were both 21 pixels. The 
DIC program estimated the location of the grid point 
in the target image by identifying the target subset most 
similar to the reference subset. The zero-mean normal-
ized cross-correlation coefficient, CZNCC [1, 6], was used 
to evaluate the similarity between the reference and tar-
get subsets. The value of CZNCC was calculated from the 
grayscale values of the pixels inside the reference and tar-
get subsets.

The DIC program calculated the strain parallel to the 
cutting direction (εx) and normal to the cutting direction 
(εy), shear strain (γxy), and maximum principal strain (ε1) 
of the area bound by the four neighboring grid points in 
the target image. The four types of strain were calculated 
using the following formulae:

(1)
εx =

1

2

[

{(xb + ub)−(xa + ua)}−(xb−xa)

(xb−xa)

+
{(xd + ud)−(xc + uc)}−(xd−xc)

(xd−xc)

]

,

where xk and yk (k = a, b, c, d) are the x and y coordinates 
of the four grid points in the reference image in Fig.  3, 
respectively; and uk and vk (k = a, b, c, d) are the displace-
ment components (between the reference and target 
images) of the four grid points in the x and y directions. 
The displacement components, u and v, were estimated 
with a sub-pixel level accuracy using a coarse-to-fine 
algorithm [1, 2]. The smallest measureable εx , εy , and γxy 
of the square element were approximately 0.08% [1]. The 
precision (i.e., the error rate) and the accuracy (i.e., the 
coefficient of variation) of the DIC program were approx-
imately ± 2% and − 17%, respectively [1].

Results and discussion
Relationships between type of chip formation and grain 
angle
Table  1 presents the relationships of type of chip for-
mation [24–26] with ϕ , θ, and d. There were some 
combinations of ϕ , θ, and d that did not result in any 

(2)

εy =
1

2

[

{(

ya + va
)

−
(

yc + vc
)}

−
(

ya−yc
)

(

ya−yc
)

+

{(

yb + vb
)

−
(

yd + vd
)}

−
(

yb−yd
)

(

yb−yd
)

]

,

(3)γxy =
1

2

















(yd+vd)−(yc+vc)
(xd+ud )−(xc+uc)

+
(yb+vb)−(ya+va)
(xb+ub)−(xa+ua)











+











(xa+ua)−(xc+uc)

(ya+va)−(yc+vc)

+
(xb+ub)−(xd+ud )

(yb+vb)−(yd+vd)
















,

(4)ε1 =
εx + εy

2
+

√

(

εx−εy

2

)2

+ γ 2
xy,

640 pixels (1.42 mm) 

48
0 

pi
xe

ls
 (1

.0
7 

m
m

) 

Reference image 

20 pixels 
(0.04 mm) 

Reference subset 

Path of the cutting edge 

Grid point 

0.1 mm 

360 pixels (0.80 mm) 21 pixels 

x 

y 

Region of interest (ROI) 

14
0-

22
0 

pi
xe

ls
 

(0
.3

1–
0.

49
 m

m
) 

Fig. 2  The region of interest (yellow area) and the grid points (white squares) allocated in a reference image



Page 5 of 11Matsuda et al. J Wood Sci           (2019) 65:44 

chip formation type. In these cases, the cutting was not 
properly implemented where the workpiece failed and 
the cleavage occurred when the cutting tool initially 
cut into the workpiece. Thus, the strain near the cut-
ting edge could not be measured. When θ was 30°, the 
resulting chip formation was classified as Type 0 (Flow 
type) or Type I (Cleavage type). The chip was produced 
by a cleavage ahead of the cutting edge. The cleavage 
tended to travel further ahead of the tool with increas-
ing d. Subsequently, the chip formation type changed 
from Type 0 to Type I as d increased. When θ was 50°, 
the chip formation was Type I when ϕ was near 0°. 
Conversely, chip formation was Type II (Shear type) 
when the cutting was with or against the grain. As d 

increased, Type I chip formation tended to occur inde-
pendently of ϕ . When θ was at 70°, the chip formation 
changed from Type II to Type III (Compressive type) 
with increasing ϕ.

Relationships between the strain distribution and the grain 
angle
Figures 4, 5, 6, and 7 demonstrate the examples of the dis-
tributions of εx , εy , γxy , and ε1 , respectively (d = 0.2 mm). 
The plus symbols in the images represent the grid points. 
The square elements that contain more than one grid 
point with CZNCC ≤ 0.5 are not colored because of poten-
tial error in the calculation of the displacement compo-
nents. All types of strain were found to be distributed in 
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Fig. 3  The grid points in the reference and target images with their x and y coordinates defined

Table 1  Relationships of  types of  chip formation (Types 0, I, II, and  III) with  the  cutting angle (θ), the  depth of  cut (d), 
and the grain angle ( ϕ)

The dashes (–) indicate where the strain near the cutting edge could not be measured due to the failure of the workpiece. This was caused by cleavage occurring 
where the cutting tool was first cut into the workpiece, and thus, the cutting could not be conducted properly

Cutting angle (θ) Depth of cut (d) 
(mm)

Grain angle ( ϕ)

− 15° − 10° − 5° 0° + 5° + 10° + 15°

30° 0.1 0 0 0 0 0 0 0

0.2 0 – – 0 I I I

0.3 – – – 0/I I I I

50° 0.1 II II I/II I/II II II II

0.2 II II I/II I I/II I/II II

0.3 II I I/II I I I/II I

70° 0.1 II/III II/III II II II II III

0.2 II II II II/III II/III III III

0.3 II II II III III III III
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the area within 0.5  mm away from the cutting edge for 
all values of ϕ , θ, or d. The relationships between the dis-
tributions of εx , εy , and γxy with θ and d where the cut-
ting was parallel to the grain ( ϕ = 0°) were similar to those 
from our previous study [1]. The relationships between 
each type of strain and the grain angle are described 
below. The characteristics of their relationships were sim-
ilar to those found for the other depths of cut; although 
the relationships were stronger with increasing d.

Strain parallel to the cutting direction ( εx)
Figure  4 presents the relationships of εx with ϕ and θ. 
Compressive εx was detected in the area above the path 
of the cutting edge, where material should be removed as 
a chip (regardless of ϕ and θ). This was because the area 
was compressed by the rake face of the tool. The parallel 
cutting force component was generally greater than the 
normal cutting force component, thus considerable com-
pressive stress should be distributed ahead of the tool. 
The range of transmission of compressive εx appeared 

to decrease as ϕ increased. In other words, the range of 
transmission of compressive εx appeared to be smaller 
when the cutting was with the grain (the right column in 
Fig. 4) than when the cutting was against the grain (the 
left column in Fig.  4). However, its relationship with ϕ 
was unclear.

Strain normal to the cutting direction ( εy)
Figure  5 presents the relationships of εy with ϕ and θ. 
When θ was 30° (the top row in Fig.  5), tensile εy was 
detected ahead of the tool which appeared to generate 
cleavage ahead of the cutting tool. The range of its trans-
mission reduced with increasing ϕ . The tensile εy tended 
to extend beneath the path of the cutting edge when cut-
ting against the grain (Fig.  5a). Conversely, it tended to 
extend above the path of the cutting edge when the cut-
ting was with the grain (Fig.  5c). This suggests that the 
direction of the cleavage propagation was affected by the 
grain angle. Compressive εy was detected above the path 
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Fig. 4  The distribution of εx and its relationships with the grain angle ( ϕ ) and the cutting angle (θ) (d = 0.2 mm)
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of the cutting edge when the cutting was parallel to the 
grain (Fig. 5b).

When θ was 50° (the middle row in Fig. 5), the range 
of transmission of tensile εy ahead of the tool reduced 
by cutting with or against the grain. The tensile εy when 
cutting against the grain (Fig.  5d) was lower than when 
θ was 30° (Fig. 5a). When θ was 70° (the bottom row in 
Fig. 5), compressive εy was detected in the area above the 
path of the cutting edge, especially when cutting with the 
grain (Fig. 5i).

Torn grain was appeared to be most likely to occur 
when ϕ < 0° and θ = 30° (Fig.  5a). This was because ten-
sile εy , which generates cleavage along the grain, was 
detected beneath the path of the cutting edge. The tensile 
εy decreased when θ was 50° (Fig. 5d), where the chip for-
mation changed from Type I to Type II.

Shear strain ( γxy)
Figure  6 presents the relationships of γxy with ϕ and θ. 
Shear strain was detected in the area above the path of 

the cutting edge for all ϕ and θ values and their combina-
tions. When θ was 30° (top row in Fig. 6), the direction 
of γxy varied depending on ϕ . Negative γxy tended to be 
detected when cutting against the grain (Fig. 6a). On the 
other hand, γxy tended to be positive when cutting with 
the grain (Fig.  6c). The negative γxy may cause the chip 
to shorten in L direction and to become thicker than d; 
whereas the positive γxy may cause the chip to elongate in 
L direction and to become thinner than d [1]. The shrink-
age and elongation of the chip may be affected by the 
grain angle.

When θ was 50° (middle row in Fig. 6), γxy was negative 
above the path of the cutting edge while cutting with the 
grain (Fig. 6f ), in contrast to the positive γxy when θ was 
30° (Fig. 6c). This indicated that the chip produced with 
a cutting angle of 50° (Type II) had a shorter length than 
that produced with a cutting angle of 30° (Type I). Our 
previous study [1] also showed that the chip associated 
with Type II chip formation was shorter than that of Type 
I.
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Fig. 5  The distribution of εy and its relationships with the grain angle ( ϕ ) and the cutting angle (θ) (d = 0.2 mm)



Page 8 of 11Matsuda et al. J Wood Sci           (2019) 65:44 

When θ was 70°, the relationship between γxy and ϕ 
(bottom row in Fig. 6) was similar to that obtained where 
θ was 50° (middle row in Fig.  6). When cutting with 
the grain, the range of transmission of the negative γxy 
(Fig.  6i) was greater than that detected when θ was 50° 
(Fig. 6f ).

Maximum principal strain ( ε1)
Figure 7 represents the relationships of ε1 with ϕ and θ. 
When θ was 30° (top row in Fig. 7), the range of transmis-
sion of ε1 expanded with decreasing ϕ . For cutting with 
the grain (Fig. 7c), the strain of 5% or larger was distrib-
uted within 0.1 mm from the cutting edge. In this situa-
tion, the chip should split very close to the cutting edge, 
and the cutting should be properly controlled. The strain 
occurring beneath the path of the cutting edge may lead 
to machining defects if it remains after cutting [2]. Thus, 
cutting with the grain ( ϕ > 0°) was deemed preferable with 
consideration for the quality of the finished surface.

When θ was 50° (middle row in Fig. 7), the distribution 
of ε1 was not greatly affected by ϕ . For cutting against 

the grain ( ϕ < 0°), a cutting angle of 50° (Fig.  7d) gave a 
smaller range of transmission of ε1 than that given by a 
cutting angle of 30° (Fig. 7a). This indicated that a cutting 
angle of 50° is preferable to an angle of 30° for controlling 
the chip formation for cutting against the grain. When θ 
was 70° (bottom row in Fig. 7), ε1 was mainly distributed 
beneath the path of the cutting edge for cutting against 
the grain (Fig.  7g); whereas ε1 was mainly distributed 
above the path of the cutting edge for cutting with the 
grain (Fig. 7i). This also tended to occur when θ was 30°.

The maximum principal strain distributed ahead of the tool
We evaluated the extent of the strain in the area ahead 
of the tool and its relationship with the grain angle. 
For simplicity, only ε1 was evaluated instead of discuss-
ing all different types of strain. We selected ε1 because 
it was calculated from the other types of strain, and 
therefore, it should be representative to the other 
types of strain. We calculated the average ε1 detected 
in an area ahead of the cutting tool (the green area in 
Fig. 8) and designated this as ε1_ahead . The dimensions 
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Page 9 of 11Matsuda et al. J Wood Sci           (2019) 65:44 

of the green area are 140 pixels × 140–220 pixels 
(0.31  mm × 0.31–0.49  mm) in the x and y directions, 
respectively. The left-side edge of the green area was 
placed 50 pixels (0.11  mm) ahead of the cutting edge 
and the bottom of the green area was placed 110 pix-
els (0.24 mm) below the path of the cutting edge. The 
height (i.e., y direction) of the green area was adjusted 
according to d. We conducted three cutting replicates 
for each combination of ϕ , θ, and d; therefore, three 
sets of strain data of ε1_ahead were obtained for each 
combination. We calculated the average of the three 
sets of strain data for ε1_ahead , and designated it as 
ε1_ahead.

Figure 8 presents the relationships of ε1_ahead  with ϕ , 
θ, and d. The strain ahead of the tool was minimized 
when θ was 50° and + 5° ≤ ϕ ≤ + 10° for all values of d. 
With these parameters, most of the strains were con-
centrated very close at the cutting edge; therefore, the 

chip always split along the path of the cutting edge 
without deviation. This is ideal as this would provide 
the most control for the cutting.

Conclusions
The strain distribution within 0.5 mm of the cutting edge 
in the orthogonal cutting with and against the grain was 
measured using the DIC method in an investigation of 
the effect of grain angle (− 15° ≤ ϕ ≤ + 15°) on strain 
distribution near the cutting edge. The results were as 
follows:

•	 Compressive εx was detected in the area above the 
path of the cutting edge. However, its relationship to 
ϕ was unclear in this study.

•	 Tensile εy was detected in the area ahead of the 
tool when θ was 30°. This tensile εy increased with 
decreasing ϕ . The εy ahead of the tool changed to 

θ 
= 

30
θ 

= 
50

θ 
= 

70

cutting tool

θ d 

ε1
cutting against the grain

φ = −15°
cutting parallel to the grain

φ = 0°
cutting with the grain

φ = +15°

path of the cutting edge

a (Type 0) b (Type 0) c (Type I)

d (Type II) e (Type I) f (Type II)

g (Type II) h (Type II) i (Type III)

−5% +5%0% x
y

Fig. 7  The distribution of ε1 and its relationships with the grain angle ( ϕ ) and the cutting angle (θ) (d = 0.2 mm)
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compressive as θ increased. The compressive εy 
increased with increasing ϕ when θ was 70°.

•	 Negative γxy was detected above the path of the cut-
ting edge, especially when θ ≥ 50°. The negative γxy 
increased with increasing ϕ.

•	 A cutting angle of 50° gave a smaller range of trans-
mission of ε1 than those given by the other cutting 
angles, especially when cutting against the grain.

•	 When θ was 50° and + 5° ≤ ϕ ≤ + 10°, ε1 ahead of the 
tool was minimized, and the cutting was considered 
to be optimally controlled.
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