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TECHNICAL PAPER

K. YOSHINAGA    H. SHIBATA

In the field of automotive gear reduction systems, there is a growing demand for downsizing. One effective 
machining method for achieving downsizing is gear skiving. In this study, a simulation program that can calculate 
the cutting state of each part of the cutting edge during gear skiving has been developed for the selection of 
appropriate tool parameters and processing conditions. Using this simulation program, it was found that the 
cutting edge experienced greater change in rake angle than the left and right cutting faces and the cutting edge was 
most susceptible to wear due to the long cutting depth and processing time, the calculated cutting state agreed well 
with qualitative assessment of the actual cutting edge wear state.
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Cutting Condition Analysis Technology during  
Gear Skiving Processing*1

1.  Introduction
There is growing demand for reducing the sizes of 

automobile reduction gear systems, and in order to meet 
this demand, the use of reduction gear structures that 
utilize stepped pinions and internal gears is increasing. 
Gear skiving is effective in producing gears with this kind 
of shape restrictions1); however, there are issues with the 
tool life2).

To improve the tool life, it is necessary to understand 
the cutting conditions and cutting force during machining, 
and to select tool parameters and machining conditions 
that can reduce cutting force. Kojima identified that 
the clearance angle of the left and right cutting edges 
was different due to relative motion of the tool and 
workpiece3), 4). Ohshima et al. showed that it was possible 
to reduce cutting force by changing the positions of the 
tool and workpiece to adjust the clearance angle and rake 
angle5). Klockea et al. showed that the cutting conditions 
varied depending on the tool parameters6). Vargas 
et al. proposed a simulation model in which cutting 
force increases depending on the negative rake angle7); 
however, it did not consider the effects of changes in the 
shear angle resulting from the rake angle, undeformed 
chip thickness, and coefficient of friction. These kinds 
of studies concerning rake angles have been performed; 
however, the changes in the rake angle at each part of the 
cutting edge have not been identified.

This study constructed a method of calculating the 
cutting conditions at each part of the cutting edge during 
gear skiving, and applied an orthogonal cutting model 
incorporating consideration for the calculated cutting 
conditions, shear angle, and other factors. The constructed 
method enables more precise calculations of cutting 
force than previously achieved. This report introduces 
the results from a comparison of precise changes in the 
calculated rake angle, cutting conditions, and cutting 
force with the conditions of tool damage.

2.  Characteristics of Gear Skiving
2. 1 Machining Mechanism of Gear Skiving

A schematic diagram of the gear skiving method is 
shown in Fig. 1. The tool rotational axis is adjusted to 
intersect the workpiece rotational axis, and both axes 
rotate synchronized at the gear ratio. This produces 
relative speed between the tool cutting edge and the 
workpiece, i.e. cutting speed, removing the workpiece. 
Figure 2 shows the process from the start of cutting by 
the tool cutting edge to the end of cutting. Because the 
tool is inclined relative to the workpiece, the cutting edge 
during cutting moves from the start of cutting at the back 
side toward the end of cutting on the front side. This range 
is determined by the gear parameters, tool parameters, 
and machining conditions. By feeding the tool rotational 
axis in the workpiece axis direction, the tooth space is 
machined across the full tooth width. Therefore, a single 
tooth space is generated by overlaying multiple different 
cutting edge trajectories on top of one another.*1 �This report is based on D66 Proceedings of 2019 autumn 

meeting of the Japan Society for Precision Engineering.
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2. 2 Cutting Conditions of a Gear Skiving Tool
A photograph showing the appearance of a gear 

skiving tool that has reached its lifetime is shown in 
Fig. 3. A gear skiving tool has multiple blades, and the 
cutting conditions of each blade are the same. The results 
from observation of a typical blade using a scanning 
electron microscope are shown in Fig. 4. Chipping of 
the ridge line at the top of the cutting edge and wear 
of the rake face can be seen, and growth of these often 
means the end of the tool life. Although chipping of the 
rake face on the left cutting edge and right cutting edge 
is not seen, it is clear that the scratch marks on the right 
cutting edge are longer. In this way, a gear skiving tool 
has the characteristic that the wear condition varies at 
each position along the cutting edge. This result suggests 
that the cutting conditions at each location on the cutting 
edge are different. Therefore, reducing chipping at the top 
of the cutting edges and tool design for uniform cutting 
conditions at the left and right cutting edges are effective 
for improving tool life. For this purpose, it is necessary to 
identify the cutting conditions at each part of the cutting 
edge.
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Fig. 3  Skiving tool Fig. 4  Wear situation 
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Figure 5 shows the gear skiving cutting conditions 
on a two-dimensional flat surface. One characteristic of 
gear skiving is that cutting of the workpiece is performed 
while changing from positive rake angles to negative rake 
angles. The undeformed chip thickness is found from the 
difference between the current cutting edge trajectory and 
the previous trajectory, and the rake angle is found from 
the cutting edge trajectory. Because these parameters 
change according to the tool rotation phase in Fig. 2, 

in order to identify the tool wear state, it is necessary 
to calculate the cutting conditions for each part of the 
cutting edge in each tool rotation phase.
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Fig. 5  Changes in cutting conditions

3.  Cutting Conditions Calculation Method
3. 1 �Tool Cutting Edge Trajectory Calculation 

Method
As described above, all tooth spaces are machined 

under the same cutting conditions with gear skiving. In 
order to shorten the calculation time, the cutting edge 
trajectory for a single tooth space is calculated. Also as 
described above, because a single tooth space is generated 
by the multiple cutting edges shown in Fig. 3, variation in 
the interval between cutting edges affects the depth of cut. 
However, because the numbers for this are not uniquely 
determined, this is not considered in this calculation. In 
the same way, rotation errors in the workpiece rotational 
axis and tool rotational axis, and motion errors in the tool 
feed axis, are not considered.

The tool coordinate system and workpiece coordinate 
system used for calculation are shown in Fig. 6.
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Fig. 6  Coordinate system for calculation

The tool cutting edge trajectory is calculated by fixing 
the workpiece coordinate system and finding the relative 
motion of the tool and workpiece in that coordinate 
system.

First, when the tool rotation angle ht is considered a 
function of time t , and the workpiece rotation angle is 
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hw, the simultaneous rotation relationship is expressed by 
Formula ⑴.

⑴+ b＝（ ）h
wZ
t

tw （ ）h tt （ ）h twZ

Zw: Number of workpiece teeth
Zt: Number of tool teeth
hbw: Correction angle for workpiece helix angle (rad)
Here, the hbw term is necessary when generating a 

helical tooth space as in a helical gear, and is calculated 
using Formula ⑵.

⑵b ＝
vt2

Z
sin
nw t

（ ）h tw
bw

m

v: Tool feed speed (mm/s)
bw: Workpiece helix angle (rad)
mnm: Workpiece tooth normal module (mm)
Next, when the shape of the cutting edge ridge line 

defined in the tool coordinate system is defined as point 
P(i), point coordinate uri when the tool rotates is expressed 
by Formula ⑶.

⑶＝ tri Zt（ （） ht （ ）i（ ））・tu R P

Here, RZt is the rotation matrix of tool rotation angle ht 
around axis Zt.

In addition, in order to place cutting edge point 
coordinate after rotation uri in the workpiece coordinate 
system, when RYt is the rotation matrix of axis crossing 
angle R around axis Yt, and the tool placement position 
in the workpiece coordinate system is H , then cutting 
edge point coordinate uYti in the workpiece coordinate 
system is expressed by Formula ⑷.

⑷＝ ＋Yti riYt（ ） Rt （ ） （ ）・ tuu R H

Finally, in order to find the cutting edge motion 
trajectory coordinate when the workpiece is fixed, when 
RZw is the rotation matrix of workpiece rotation angle 
hw around axis Zw, then the motion trajectory uti of each 
cutting edge definition point in the workpiece coordinate 
system is found from Formula ⑸.

⑸＝ti Zw w（ ） ht （ ）t（ ）u R Yti（ ）t・u

3. 2 Workpiece Removed Part Calculation Method
The workpiece is  cylindrical  in shape before 

machining. Therefore, the workpiece simulation model 
is created by layering annular cross-sections annular 
cross-sections in the Zw direction. Each cross-section 
establishes line segments radiating from the center as 

shown in Fig. 7, with the line segment start point Esj as 
the define start radius and the line segment end point Eej 
as the define end radius. As described above, because 
calculation is performed with the workpiece fixed, the 
define start angle and define end angle are set, and the 
range of the workpiece model is limited in order to 
shorten the calculation time. A workpiece width division 
length and workpiece center division angle are set for 
each line segment, and they are positioned at equal 
intervals. For the internal gear that is the subject of this 
report, the define start radius is set on the outside diameter 
side; however, in the case of an external gear, the define 
start radius is set on the bore diameter side.
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Fig. 7  Workpiece model

Next, the cutting edge motion trajectory, meaning the 
tool swept volume, is modeled. Figure 8 (a) shows the 
tool definition point coordinates after moving through 
tool minute rotation angle Dht. These coordinates are 
calculated from Formula ⑴ through Formula ⑸. As 
shown in Fig. 8 (a), the plane M  is defined by three 
adjacent points from the calculated coordinates. As shown 
in Fig. 8 (b), all tool cutting edge definition points are set 
on the plane. This model is created for each tool rotation 
angle ht.

PlaneM

(a) Motion trajectory (b) Tool sweep body model

u（ ）＋h Dhti t t

u（ ）hti t

u （ ）hti １＋ t

Fig. 8  Tool swept volume

Finally as shown in Fig. 9, it is determined whether 
or not intersection Ej exists on plane M  of the tool 
sweep body model between the workpiece line segment 
connecting Esj and Eej. If it exists, the length from Ej to 
Eej is also subtracted from the line segment containing 
intersection Ej so that Eej = Ej to redefine the line 
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segment. If intersection Ej does not exist, the same 
process is performed for the next line segment. This 
kind of interference calculation is performed for all line 
segments, and they are redefined as the workpiece shape 
after machining. The subtracted length from Ej to Eej is 
equivalent to the amount removed by cutting; however, 
in order to apply the orthogonal cutting model described 
below, with this method the value of the subtracted length 
from Ej to Eej converted to the tooth normal direction is 
considered to be the undeformed chip thickness.

Yw

Xw

Zw

Plane M
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Fig. 9  Interference calculation

3. 3 Rake Angle Calculation Method
In this study, in order to apply an orthogonal cutting 

model to calculation of the cutting force, the rake angle of 
the machining point on the tool cutting edge is calculated 
on plane G(i) shown in Fig. 10. Plane G(i) includes vector 
L(i) of the cutting direction that indicates the forward 
direction of cutting edge motion, is orthogonal to vector 
B(i) between definition points connecting definition point 
P(i) on the tool cutting edge ridge line and neighboring 
point P(i+1), and contains center point Pc(i) between the 
definition points. Plane component vector C(i) is found 
from the vector product of B(i) and L(i). Next, the vector 
obtained by projecting the tool rake face normal vector 
onto plane G(i) is Ng(i), and the angle formed by Ng(i) 
and L(i) is the rake angle a(i).
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L i（ ）

a i（ ）
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C i（ ）

Pc i（ ）

P i（ ＋1）

Fig. 10  Method for calculating rake angle

3. 4 Cutting Force Calculation Method
Cutting force FH(i ) applies the orthogonal cutting 

model in Plane G(i) described above and is calculated 
using Formula ⑹.

⑹＝H i（ ）F －・ ・ ・（ （ ））s b

b

acos
・cossin

i
－（ ）a i

（ ）b i （ ）d i
（ ）i（U（ ）i

0

＋U

Here, s0 is average shearing stress, and b(i ) is the 
distance between neighboring definition points P(i) and 
P(i+1). d1(i ) is the average value of the cutting depth 
determined by definition points P(i) and P(i+1). Figure 11 
shows the relationship of rake angle a(i), shear angle U(i) 
and friction angle b.

Chip
Tool

Workpiece

Shear surface

b

i（ ）a

i（ ）U

Fig. 11  Illustration of rake angle, shear angle, and friction 

angle

Table 1  Workpiece and tool parameters

Item Internal gear Tool
Module 1.6 1.6

Pressure angle, deg 18.5 －
Helix angle, deg －17.5 0
Number of teeth 90 33

Tip diameter, mm 149.0 59.0
Root diameter, mm 158.0 －

Rake angle, deg － 5
Sharpening angle, deg － 0

4.  Calculation Results
Table 1 shows the parameters of the internal gear 

and tool used in the calculation, and Table 2 shows the 
machining conditions. The number of cuts in the radial 
direction is eight. The cutting depth is 1 mm for the first 
cut only, and is 0.5 mm for the second through the eighth 
cuts. The center distance in Table 2 is the value of the 
eighth cut, and changes for each cut count. The other 
machining conditions are all the same regardless of the 
cut count.

Next, Table 3 shows the calculation conditions. The 
tool division rotational angle is the tool minute rotation 
angle Dht when given minute length of time Dt. In this 
report, cutting force is calculated using a constant value 
for friction angle b.
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Table 2  Machining conditions

Table 3  Calculation conditions

Center distance, mm 49.5
Axis crossing angle, deg 17.5

Feed speed, mm/s 2.5

Numbers are assigned to the tool cutting edge definition 
points as shown in Fig. 12. In this report, the left cutting 
edge consists of points 1 to 14, the top of the cutting edge 
consists of points 15 to 17, and the right cutting edge 
consists of points 18 to 31.

4. 1 Rake Angle
The changes in rake angle at the time of the final cut 

are divided into the left cutting edge, top of the cutting 
edge, and right cutting edge areas, and are shown in Fig. 
13 (a) through (c). The horizontal axis in Fig. 13 is the 
tool rotation angle, indicating the passage of machining 
time. The figure shows that for the overall cutting edge, 
cutting is performed within the range of tool rotation 
angle 12.5° to −23.2°.

First, for the left cutting edge, cutting starts from point 
1 on the tool base side, and machining is performed from 
tool rotation angles 12.5° to −4.6° as shown in Fig. 13 (a). 
The rake angle at this time changes from 3.4° to −5.4°. In 
the same way, you can see that machining is performed 
in sequence from point 2 to point 13, and the machining 
point moves along the cutting edge ridge line.

The change in rake angle for the top of the cutting 
edge is shown in Fig. 13 (b). Because it is difficult to 
differentiate points 15 and 16, they are indicated with 
symbols added. The figure shows that at the top of the 
cutting edge, machining begins at nearly the same tool 
rotation angle at both point 16 and point 17. Machining is 

Workpiece width division length, mm 0.01
Workpiece center division angle, deg 0.01

Tool division rotational angle, deg 0.1
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Fig. 12  Tool point definition

performed from tool rotation angle 11.8° to −17° at point 
16, and the rake angle changes from 27.9° to −26.4°. The 
maximum negative rake angle at the top of the cutting 
edge is −34.8° at point 15.

For the right cutting edge shown in Fig. 13 (c), you can 
see that machining is performed in sequence from point 
18 on the top of the cutting edge side to point 31. The 
ratio of negative rake angles is larger compared to the left 
cutting edge.

The results of Fig. 13 are organized for each tool part 
and shown in Fig. 14. This shows that the maximum 
negative rake angle increases in order of the top of the 
cutting edge, right cutting edge, and left cutting edge.
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Fig. 16  Ratio of cutting forces for 
each part

4. 2 Undeformed Chip Thickness
The maximum undeformed chip thickness at each tool 

definition point at the time of the final cut is shown in Fig. 
15. The undeformed chip thickness ratio on the vertical 
axis shows the ratio relative to the undeformed chip 
thickness at point 14, which is the maximum value. At 
each part, overall the left cutting edge tends to be thinner, 
while point 14 is irregularly thick and is the maximum 
value. Excepting point 14, the thickness is approximately 
1.5 times larger on the right cutting edge than the left 
cutting edge. When point 14 is excluded, the undeformed 
chip thickness at the top of the cutting edge is larger than 
at the left cutting edge and right cutting edge.

4. 3 Cutting Force
The maximum cutting force acting at each tool 

definition point is shown in Fig. 16. The vertical axis 
shows the ratio relative to point 15, where cutting force 
is the maximum, and the results show increasing force 
in the order of the top of the cutting edge, right cutting 
edge, and left cutting edge. Comparing Figs. 14, 15, 
and 16 shows that the cutting force calculated using this 
method is affected more by the negative rake angle than 
the undeformed chip thickness. For example, focusing 
on point 14, the undeformed chip thickness is the largest; 
however, because the negative rake angle is small, the 
cutting force is smaller. In contrast, the undeformed chip 
thickness at point 15 is the third largest; however, because 
the negative rake angle is also the largest, the cutting 
force is the maximum. For point 30 and point 31 on the 
right cutting edge as well, because the negative rake 
angles are small, the cutting force is smaller.

4. 4 Machining Time
Finally, the machining time for each part of the cutting 

edge involved in machining after the eighth cut is shown 
in Fig. 17. The vertical axis shows the ratio of machining 
time for each part of the cutting edge at point 16, where 
machining time was longest. This shows that the top of 
the cutting edge was involved in machining for a time 
that was five times or more the time for the left cutting 

edge. Compared to the left cutting edge, the machining 
time on the right cutting edge was longer at points closer 
to the top of the cutting edge.
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When the above cutting conditions analysis results are 
compared with the tool wear photograph in Fig. 4, the top 
of the cutting edge where the rake face was most worn 
and chipping occurred also showed large negative rake 
angles, large undeformed chip thickness, and high cutting 
force in the calculation results. Because the machining 
time was also longer, it is believed that these conditions 
were the most likely to result in wear. In Fig. 4, wear of 
the rake face progressed more on the right cutting edge 
than the left cutting edge. In the calculation results as 
well, the cutting force on the right cutting edge was larger 
and the machining time was longer, producing conditions 
that accelerated wear. In addition, the difference in the 
length of the scratch marks between the left and right 
cutting edges in Fig. 4 closely matches the calculation 
results for undeformed chip thickness shown in Fig. 15.

In this way, the wear state of a skiving tool can be 
explained by the calculation results using this method. 
This means that this method is effective in predicting the 
wear state of a skiving tool.
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5.  Conclusions
In this report, we developed a method to calculate 

the cutting conditions for each part of the cutting edge 
during gear skiving and applied an orthogonal cutting 
model to enable the calculation of cutting force. The 
results of analysis using this method showed that the top 
of the cutting edge undergoes larger changes in the rake 
angle than the left and right cutting edges. In addition, 
because the undeformed chip thickness and machining 
time were also larger, this quantitatively demonstrates 
that these conditions are the most likely to result in wear. 
Comparing these results with the actual wear states of the 
cutting edges confi rmed a good match.

In the future, we will utilize this method to select the 
tool parameters and machining conditions that can reduce 
the negative rake angles of the top of the cutting edge and 
the maximum cutting depth.


