P

An Approach to Pairing Bevel Gears
from Conventional Cutting Machine

with Gears Produced on 5-Axis
Milling Machine

Inho Bae and Virgilio Schirru

Developed here is a new method to automatically find the optimal topological modification
from the predetermined measurement grid points for bevel gears. Employing this method
enables the duplication of any flank form of a bevel gear given by the measurement points

and the creation of a 3-D model for CAM machining in a very short time. This method not only

allows the user to model existing flank forms into 3-D models, but also can be applied for

various other purposes, such as compensating for hardening distortions and manufacturing
deviations which are very important issues but not yet solved in the practical milling process.

Introduction

Recently, cutting bevel gears on univer-
sal 5-axis milling machines has been
widely accepted as a promising solution
to replace the conventional cutting pro-
cess. The process is highly flexible and
does not require special tools. Thus, it
is particularly suitable for small batch-
es, prototypes, and repairs in use having
unacceptably high lead times. In order to
apply the milling process for bevel gear
cutting, we should provide feasible solid
models. However, the kinematic geome-
try of bevel gears is relatively complicated
in accordance with the variety of the cut-
ting method, such as Gleason (fixed set-
tings, Duplex and Zerol), Klingelnberg
(Cyclo-Palloid and Palloid) and Oerlikon,
and it’s not easy to generate the 3-D
geometry model proper for milling.

In the calculation software KISSsoft
(Ref. 1), the geometry calculation of
straight and skew bevel gears for standard
cone types has been available for many
years, in accordance with ISO 23509
(Ref.2). Then, the expansion to 3-D
models of spiral bevel gears was made
covering all cone types four years ago.
Since the 3-D models of the spiral bevel
gears have been available, there has been
much interest from many companies
worldwide. The first prototype based on
the 3-D model was machined by Breton
(Ref.7), one of the major 5-axis mill-
ing machine manufacturers, and enjoyed
very satisfactory results. Then one of

their customers, who is using a 5-axis
milling machine, wanted to produce a
very large bevel gear pair to replace an
existing pair. However, they had a spe-
cial, hard to resolve problem in that the
pinion shaft having a 1,500 mm length
was too long to be cut on the Breton
machine. So the pinion was produced
on a conventional Gleason machine, but
the customer wanted to produce the gear
(d,,=500mm) on the Breton machine.
We always recommend to our users that
the model for the pinion and gear must
be generated by the same software and
thus the combination of a pinion, manu-
factured on a Gleason machine, should
not be combined with a gear based on the
model. But the customer insisted, so we
had to invent something!

We got the basic gear data and the
measurement grid points of the flank
form of the gear produced by their
Gleason software from the customer.

However, the design data didn’t include
the formal definition of the flank modi-
fications. Thus, the comparison of these
measurement points with the 3-D model
naturally showed small deviations. The
deviation could not be eliminated eas-
ily by varying the geometric parameters
and applying typical modifications such
as barreling (profile crowning) and lead
crowning. Thus, we developed a cre-
ative solution to generate a 3-D model
of the gear and to adapt it to the given
grid point from Gleason. In the follow-
ing chapters we will show the procedure
of the method and the application results.

Topological Modification of the
Bevel Gear

The basic cone geometry of the bevel
gear can be defined in accordance with
ISO 23509, and the flank form is defined
from the transverse tooth forms calcu-
lated along the face width. The trace form

Extended epicycloid
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Figure 1

Face hobbing (left) and face milling (right) processes.
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will be the extended epicycloid form by
face hobbing process or circular form by
face milling (Fig. 1). In KISSsoft, the tooth
form is supposed to the planar involutes
of the virtual spur gear in transverse sec-
tion. Then, the tooth flank surface is gen-
erated by splining the tooth forms of each
section.

Bevel gear machine tool manufacturers
(such as Klingelnberg and Gleason) have
their own methods to generate the tooth
form based on the generating motion of
the cutter. The tooth form is known as
an octoid and is slightly different from
spherical or planar involute tooth form.
However, the difference of the tooth
forms is normally less than the tolerance
range and will pose no problem in prac-
tical use. This can be verified from the
fact that the bevel gears are always pro-
duced in pairs by the same process in
order to achieve a good contact pattern in
practice. In order to validate the practical
usage of the 3-D model we compared our
model with reference models of manu-
facturer programs and also carried out
the contact pattern check with the actu-
al model. The results showed the tooth
flanks along the face width of the two
models are very well matched with only
slight differences (Ref.3).

One of the most important tasks is to
find the optimal modification to give
good contact pattern in a bevel gear pair.
The contact pattern of the bevel gear pair
can be easily optimized by using proper
modifications (Fig.2). There are eight
types of modifications available for bevel
gears in KISSsoft (profile; crowning;
eccentric profile crowning; pressure angle
modification; helix angle modification;
lead crowning; eccentric lead crowning;
twist; and topological modification). The
user can define different combinations of
modification for drive and coast flanks to
optimize the contact pattern separately.

However, if the target modification has
highly non-linear or irregular pattern,
the simple combination of the conven-
tional modifications cannot be applied.
In that case, the topological modification
should be used to allow the user to freely
define any type of modification that can’t
be covered by the conventional modifi-
cations. The user can define the modi-
fications in a data map of factors at any
position along the face width and along
the tooth height by using the topological

Initial tooth contact

Apply modification
Gemr  Type of medficaton Ve ] St
Gear 1 Profie crowning (harveing) 35.0000 peive
Gaw 1 Cromning 50.0000 actve
Gear 2 Profie crowning (harreing) 35,0000 active

Gaw I Crawning 50,0000 actve
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Transverse section i; flank line j. If necessary, interpolated points between the defined points (ij) of a grid can be

generated.

Figure 3 Definition of topological modification in IS0 21771 (Ref.5).
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modification following the convention in
ISO 21771 (Ref.4) as shown in Figure 3.
Figure 4 shows an example of the file
structure of the modification used in
KISSsoft. The example data map defines
the progressive tip relief on Side I and
no modification on Side II. Note that
the modification values in the data map
are normalized and the actual local
modifications are calculated with Ca_
local = fij* Ca, where fij is the modifica-
tion factor at (7,j) node and Ca is the
amount of modification. The interme-
diate values in between the data can be
interpolated by linear, quadratic, or spline

approximation along the tooth width and
height, respectively.

The adjustment of the bevel gear mod-
els to any predetermined measurement
grid points should now be possible by
applying the topological modification.
That is, the modification can be calcu-
lated as the deviation between the surface
of the 3-D model and the measurement
grid points of the target model. The mea-
surement grid points report contains the
Cartesian coordinates and the normal
vectors of the grid points with the for-
mat of (XP YP ZP XN YN ZN). The ref-
erence coordinate system of the data is
different according to the measurement

T

COLUMNS= total number of columns including index column
DATA
index dummy bfl bf2 ..... bfn
index 1£1 £11 £12 ... .. fin
index 1fm fml fm2 ..... fmn
END
1fj : length factor (factor of length of path of contact

: 1fj = 0.0 is at the root, 1fj = 1.0 is at the tip
bfi : width factor (factor of face width)

: bfi 0.0 is on side I, bfi 1.0 is on side II
fij : modification factor (leocal meodification Ca_local = fij * Ca)
hkkkh bk hkkh bk dh bbb bbb bbb bbb bbb bbb d bbb bbb ddbdhdbddhddddddddddddddddddddddddddddddddddddd
COLUMNS=13
DATA
1 1.000 0.000 0.100 0.200 0.300 0. 0.500 0.600 0.700 O0.800 0.%00 1.000
2 1.000 1.000 0.988 0.951 0.891 0. 0.707 0.588 0.454 0.309 0.156 0.000
3 0.900 0©0.810 O0.800 O0.770 0.722 0. 0.573 0.476 0.368 0.250 0.126 0.000
4 0.800 0.640 0.632 0.609 0.570 0.5 0.452 0.376 0.251 0.1%8 0.100 0.000
5 0.700 0.4%0 0.484 0.466 0.437 0.: 0.346 0.288 0.222 0.151 0.076¢ 0.000
[ 0.600 0.360 0.356 0.342 0.321 0.2 0.255 0.212 0.163 0.111 ©0.056 0.000
T 0.500 0.250 0.247 0.238 0.223 0.: 0.177 0.147 0.114 0.077 0.03% 0.000
8 0.400 0.160 0.158 0.152 0.143 0. 0.113 0.0%4 0.073 0.04% 0.025 0.000
9 0.300 0.0%0 0.08% 0.086 O0.080 0. 0.064 0.053 0.041 0.028 0.014 0.000
10 0.200 0.040 0.040 0.038 0.036 0. 0.028 0.024 0.018 0.012 0.006 0.000
11 0.100 0.010 0.010 0.010 0.009 0. 0.007 0.006 0.005 0.003 0.002 O0.000
12 0.000 O0.000 0.000 O0.000 0.000 O. 0.000 0.000 0.000 0.000 0.000 O0.000
END

Figure 4

Definition of topological modification and example.
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Figure 5 Measurement grid convention of Klingelnberg machine format.
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machines. For example, the reference
coordinate system of Klingelnberg format
is using the convention shown in Figure
5. The order of the indexes for the points
and the sections are defined according
to ISO/TR 10064-6 (Ref.5) as well as the
convention from the manufacturers such
as Klingelnberg (Ref. 6). Here the index
of the lines starts from the root to the tip,
and the index of the columns from Side II
(heel) to Side I (toe).

In applying the modification, however,
various problems have arisen. The defini-
tion of topological modification surface
in helical gears is located between the
tip and the root form diameters, but the
diameters over the tooth width for bevel
gears are changing.

On the other hand, the effort to trans-
form the measured grid points to the
format of the topological modifications
is greatly increased. While the measure-
ment direction of the distance between
the two corresponding grid points for
adjustment calculation is different from
the normal of the tooth form (that is, the
path of contact) along which the modi-
fication is applied. Moreover, even the
deviation values are given correctly, we
cannot easily reach to the exact surface
points because the target modification
can have highly nonlinear pattern.

Thus, the procedure to get the topo-
logical modification, so that the final
model becomes equivalent with the target
model, cannot be finished in just a sin-
gle step but requires rather several itera-
tions (Fig.6). In each step, the distance
between the corresponding measurement
points are calculated and converted into
the dimension in the virtual cylindri-
cal gear. Then the topological modifica-
tion is calculated based on these values
and applied to generate a new measure-
ment grid. The procedure iterates until
the given acceptance criteria are met. The
acceptance criteria are given as the maxi-
mum distance between the surface of the
3-D model and the corresponding mea-
surement points is smaller than the user-
defined tolerance.

Application and Result

We used 11x7 points for the measure-
ment and topology template definition;
that is, 11 points starting from Side I
(toe) to Side II (heel), and 7 points from
the root form diameter to the tip diam-
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eter without margins. The position of
each measurement point is defined as the
length factor of the path of contact from
the root form diameter to the tip diam-
eter (column values in yellow in Table 1)
and the face width factor from Side I to
Side II (row values in yellow in Table 1).

Topological modification for the right
flank. Table 1 shows the topological devi-
ation and modification template values
for the right flank according to the calcu-
lation steps. In the calculation, we set the
acceptable maximum deviation to 5 ym.

Stepl. In the first step we measure
the deviation by the normal distance
between the measurement points of the
Gleason model with the flank surface of
3-D model (see Deviation 1 in Table 1).
Then, we use the Deviation 1 as the ini-
tial topological template, Modification
1. The green-colored fields in the table
indicate the border of the tooth flank. In
our modeling strategy we use a slightly
bigger surface area to cover the real gear
surface and it’s not possible to measure
correct distances at the borders. Thus we
ignore the border values in the accep-
tance checking in the calculation proce-
dure and use the extrapolated values for
the values. The maximum distance of
the initial step gives 575pum at the posi-
tion (0.965, 0.696). The deviation shows
relatively big values because we intention-
ally increased the tooth thickness of the
KISSsoft model to completely cover the
surface of the target model and to give
positive distances. Thus, the final model
is compensating not only the topological
deviation of the surface but also the tooth
thickness deviation of the model.

Step 2. After applying the topological
modification of the first step, the max-
imum distance at the position (0.965,
0.696) reduced to 65um and the new
maximum distance is 135um at the posi-
tion (0, 0.879) (see Deviation 2 in Table
1). From Deviation 2 you will see the
three points at (0, 0.089), (0.522, 0.089)
and (0.965, 0.193) have deviations less
than the acceptance criteria of 5um (val-
ues in blue). In this case we use the same
topological modification values of the last
step at those positions. For the remain-
ing positions we build a new topological
modification by linear summation of the
deviation of each point and the last topo-
logical modification, which is:
Modification 2 = Modificationl + Deviation 2

Initial model of
KISSsoft

Target model

Final model of
KISSsoft

e

. .

. .

T

Generate skin model
for measurement

Measurement grid of
the target model

LI

Calculate topological
modification

Calculate deviation
between the model and
,measu_[ement points

=

Apply modiﬁ:_:ation

Final topological
modification

Figure 6 Procedure to get topological modification for target model.
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Figure 7 Modifications for right flank at Step 1 (left) and Step 11 (right).
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Table 1 Topological deviations and modifications according to iteration steps (right flank, values
in pm)
Deviation 1

Modification 1

1

2

3

1

5

6

1

8

Deviation 2 1
2

3

4

5

6
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8

Modification2 | 1
2

3

4

5

6

7

8

Deviation 3 1
2

3

4

5

6

7

8

Modification3 | 1
2

3

4

5

6

7

8

Modification 11| 1
(Final step) 2
3

4

5

6

Ji

8

Deviation 12 1
(Final step) 2
3
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Figure 8 Modifications for left flank at Step 1 (left) and Step 14 (right).
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Step 3. Now Deviation 3 after apply-
ing Modification 2 shows smaller dis-
tances than Deviation 2, and more posi-
tions fitting into the acceptance devi-
ation. The new maximum distance is
70 um at the position (0.965, 0.879) (see
Deviation 2 in Table 1). However, the
deviation in several positions — such as
the positions at (0.956, 0.089) and (0.956,
0.193) —increased because the surface is
generated by spline approximation from
the topological modification template
(values in red). In this case we build a
new topological modification from the
last topological modification, that is:

Modification3 = Modification2 - SIGN
(Modification2 - Modificationl) *
(Deviation2) + (SIGN(Deviation2) + SIGN
(Deviation3))/2*(Deviation2-Deviation3).

Step 11 (final step).We then needed
to iterate 11 steps until all deviations
fit into the acceptance criteria. You can
find the final topological modification as
Modification 11, and the final deviation
as Deviation 12, in Table 1. Now all the
deviation values are less than the maxi-
mum deviation of 5um — except the val-
ues at the border.

The graphical comparison of the modi-
fication surfaces of Step 1 and the Step 11
(final step) are shown in Figure 1. As you
can expect, the final modification surface
doesn’t not show a regular pattern, and
it’s impossible to achieve the modification
by simple combination of the convention-
al modification types such as crowning
and barrelling.

Topological Modification for the Left
Flank
After finishing the calculation for the
right flank, we applied the same proce-
dure for the left flank. Table 2 shows the
topological deviation and modification
template values according to the calcula-
tion steps for the left flank.

Step 1. In the first step the maximum
distance of the left flank shows 570 um at
the position (0.965, 0.789).

Step 14 (final step).We could reach
the final topological modification after
14 steps for the left flank. You can find
the final modification as Modification
14 and the final deviation as Deviation
15. You can see all the deviation values
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are less than the maximum deviation of
5um, except the values at the border. The
graphical comparison of the modification
surfaces of Step 1 and the Step 14 (final
step) are shown in Figure 8.

Conclusions

The developed method makes it possible
to incorporate any desired flank form
of a bevel gear given by grid points, and
provides the model for the CAM machin-
ing in a very short time from the sim-
plest way. That is, the macrogeometry is
generally assumed by existing standards
or data sheets, and the microgeometry is
created by a difference of unmodified real
flank-to-the-flank created by topological
modifications with the help of KISSsoft.
The results showed that the final flank
with the topological modification gives
the deviation of less than 5 pm, which can
be ignored, considering the manufactur-
ing tolerance in practical situations.

The method presented here has consid-
erably high potential for practical usage
because it allows not only the modeling
of all existing flank forms into 3-D mod-
els, but also can be applied for various
other purposes, such as to compensate
hardening distortions and cutting devia-
tions of 5-axis milling models. These are
very important features in practice, and
were unresolved issues in the 5-axis mill-
ing process. ©
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