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1 Introduction and problem statement

The 5-axis milling of bevel gears on universal milling machines has established a trend from
its flexibility in recent years. It is particularly suitable for small batches, prototypes and repair
parts in use. The flexible production feature does not require special tools and is a preferred
solution for the applications that has unacceptably high lead times.

Meanwhile, several software programs are available which mainly offer Klingelnberg cyclo-
palloid gears as solid models for milling. However, models for other types, such as
Klingelnberg semi-completing or Gleason are almost not available although they are also
very commonly used. In Germany, the Klingelnberg methods are clearly preferred, while the
Gleason methods dominate many of other countries, for example Italy, America, and most of
Asian countries. The kinematic geometry of the bevel gears is relatively complicated due to
the variety of methods such as duplex (constant slot width) or 5-cut (modified slot width). In
KISSsoft, the geometry calculation for all cone types, such as Gleason (standard, duplex and
zerol), Klingelnberg (cyclo-palloid and palloid) and Oerlikon in accordance with ISO 23509
[3] has been available for a long time, which is why three years ago with the expansion to
3D models of spiral bevel gears it was a must to cover all cone types.
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As the 3D models of straight, helical and spirial bevel gears were available in KISSsoft since
many years, there have been much interests from our customers for the spiral bevel gears,
especially from one of the major 5-axis milling machine manufacturers, Breton in Italy, which
has an intensive cooperation with us. The first prototype by the 3D model from KISSsoft was
manufactured by Breton and gave a very satisfactory result. Then their customer wanted to
produce a very large bevel gear pair to replace an existing gear pair. However, the pinion
shaft with 1500mm length was too long to be placed on the machine by Breton and was
therefore produced on a conventional Gleason machine. The wheel, however, should be
milled with the 3D model of KISSsoft. Thus, they could not guarantee if the gear pair will
give good contact pattern, and asked us to replicate the existing Gleason wheel. However,
the data of the measurement grid points for the wheel of the Gleason software were
available but everything else was mostly unknown. The comparison of these measurement
points with the 3D model from KISSsoft naturally had small deviations, and not all of them
could be eliminated by varying the geometry parameters and applying conventional
modifications such as profile barreling and lead crowning. Thus, we needed to apply a
creative solution to solve this new problem that was not expected before.

The developed method is a variant of the topological modification which allows the user
directly entering the desired adjustment of the measured grids. The adjustment can be made
very simply. We will show the details of the procedure with an actual application that we did
using the model from our customer.

2 Validation of the 3D model from KISSsoft

While the basic cone geometry of the bevel gear can be defined in accordance with ISO
23509, the flank form is defined from the transverse tooth forms calculated along the face
width. In KISSsoft, the tooth form is supposed to the planar involutes of the virtual spur gear
in transverse section, as shown in Figure 1. Then, the tooth flank surface is generated by
sweeping the tooth forms of each section, and the trace will be the extended epicycloid form
by face hobbing process or circular form by face milling, as shown in Figure 2.

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 octoid and can be slightly different from our tooth form. Moreover, the
kinematic geometry of the Gleason gearing is more difficult since they require additional
machine settings. However, the difference of the tooth forms is normally less than the
tolerance range and will have no problem in practical use. This can be verified from the fact
that the bevel gears are always produced in pairs by the same process in order to achieve a
good contact pattern in practice. This is true for conventional production; they don't allow
cross combinations such as pinion from Klingelnberg with wheel from Gleason, the same is
valid for 3D models which are used for 5-axis milling.
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Figure 1: Definition of sectional tooth forms along the tooth width

Extended epicycloid Circular

Figure 2 Face hobbing (left) and face milling (right) processes

2.1 Comparison with the reference model

In order to validate the practical usage of the 3D model from KISSsoft, we compared our
model with reference models of manufacturer programs and also carried out the contact
pattern check with the actual model. The comparison data for the blank diameters, the tooth

space (chordal length), and the distance between the comparison points has been measured.

The models are made to coincide at the mid facewidth of the reference diameter (point 5 in
Figure 3) on the right flank. The measuring points are set at the crossing points at inside
(toe), middle, and outside (heel) sections with active root diameter, reference diameter, and
tip diameter. Figure 3 shows the schematic view of the measuring points, and Figure 4
shows the basic geometry data used for the comparison.
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Active root diameter
Root diameter

Figure 3: Schematic view of the measuring points

. Geometry | Strength | Reference profile | Tolerances | Muadifications | @Tooih form |

System data
[UniForm depth, fig 3 {(Klingelnberg) 'J ! [Genr 1 helix left hand = ]
Normal module {middle) M 5.0000 mm @ Helix angle gear 2 (middle) B-z 30,0000 =
Reference diameter gear 2 (outside) d. 365.5717 mm () Shaft ange z 90.0000 =
Pressure angle at normal section an m ° Offset (Center dist.) ay 0.0000 mm
Gear data
Gear 1 Gear 2
Number of teeth z 1 55
Facewidth b 50,0000 50,0000 mm
Profile shift coeffident x 0.4400 -0.4400
Tooth thickness modification fact x=" 0.0300 -0.0300 0o
Quality (DIM 3965) Q [ & ! Angl= modification gear 1 Bu=-Ha: 0.0000 =
Manufacturing data
[ Adoot data from Klingelnberg machines list Cutter radius ra 1000000 mm

Manufacturing |Face hobbing -

Number of blade groups 2o

5.0000

Figure 4: Basic geometry of the comparison model

Figure 5 shows the graphical comparison of the models of KISSsoft in green and the

reference model in yellow. Clearly, the tooth flanks along the face width of the two models
are very well matched but have slight differences.

2.2 Comparison of tooth thickness

Table 1 shows the comparison data of the models from KISSsoft and the reference program.
The chordal lengths of the tooth gap are measured as the distance between the coincident
points of right and left flanks. It shows the maximum differences of 25um for pinion and
13pum for gear (m, = 5.0mm, d., = 366mm). As neither DIN 3965 [4] nor ISO 17485 [5]
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have tolerances for tooth thickness or flank form, we used DIN 3961 [6] respectively ISO
1328 [7] to find tolerances for their topics. If we compare the data of virtual helical gear in
order to estimate the relative values roughly, the values are equivalent as the tooth
thickness deviation of quality 8 for pinion and 6 for gear by DIN (tooth thickness deviation is
not available in ISO). It should be noted that the differences are all positive meaning that
the KISSsoft model has bigger tooth thickness.

Yellow: Model A

Green: KISSsoft model

Grean: KISSsoft model

Pinion Gear

Figure 5 Graphical comparison of the tooth flanks with the reference model

2.3 Comparison of tooth flanks

The distance between the points of each flank was measured to assess the deviation of the
tooth flanks. The positive sign means, for the right flank, that the flank of the reference
model is more on the gap side, and for the left flank, that it is more on the tooth material
side. The maximum differences on the right flank are at the root of outside section about
40um on the right flank of pinion and 27um on the left flank of gear. The data for the left
flank are more or less the summation of the tooth space difference and the data for the right
flank. If we compare the data of virtual helical gear as above, the values are equivalent as
the total profile deviation of quality 8 for pinion and 6 for gear by DIN 3961 and ISO 1328.
We suppose that the pinion has bigger deviation caused by bigger change of lengthwise
curvature.

KiSSsoft moael

Figure 6 Graphical representation of the local curvature transition
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2.4 Comparison of local curvature

We also compared the local curvature on the flank to check the manufacturability by simply
showing the rendering of the flank as shown in Figure 6. Both models show very smooth
transition of the local curvature except on the root, and will not disturb the cutting process.

Comparison of tooth thickness Pinion Gear
Tooth space (chordal length) [mm] Inside Middle Outside Inside Middle Outside
Reference
- at tip diameter 17.639 18.661 20.069 11.872 13.685 15.818
- at reference diameter 5.670 6.865 7.908 9.660 11.263 13.020
- at active root diameter 3.868 4.694 5.241 4.328 5.323 6.058
KISSsoft
- at tip diameter 17.629 18.642 20.044 11.864 13.675 15.805
- at reference diameter 5.655 6.849 7.890 9.652 11.253 13.007
- at active root diameter 3.860 4.681 5.228 4.323 5.314 6.048

Difference (Reference - KISSsoft)

- at tip diameter 0.010 0.019 0.025 0.007 0.010 0.013
- at reference diameter 0.014 0.016 0.018 0.007 0.010 0.012
- at active root diameter 0.008 0.012 0.012 0.005 0.009 0.010
Comparison of tooth flank Pinion Gear
Distance between the points [mm] Inside Middle Outside Inside Middle QOutside
Right flank
- at tip diameter -0.002 -0.009 -0.010 -0.003 -0.005 -0.002
- at reference diameter 0.011 0.000 -0.024 0.001 0.000 0.002
- at active root diameter 0.015 -0.003 -0.040 0.011 0.016 0.017
Left flank
- at tip diameter 0.009 0.011 0.016 0.005 0.006 0.011
- at reference diameter 0.026 0.016 -0.005 0.008 0.010 0.015
- at active root diameter 0.023 0.010 -0.027 0.016 0.024 0.027

Table 1: Comparison data of the KISSsoft model and the reference medel

2.5 Contact pattern check with the actual model

In addition to the quantitative comparison of the 3D model in 2.1, we carried out the contact
pattern check from the rolling test of the actual model, produced by the 5-axis milling
machining with the KISSsoft model. The contact pattern of the 3D model can be easily
checked with the skin model in KISSsoft.

Figure 7 shows the skin model of KISSsoft (left) and the result of rolling test of actual model
on drive side. The contact patterns in both pictures are well matched and show the contact
is positioned centrically.
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Figure 7: Comparison of contact pattern on drive side

Figure 8 shows the skin model of KISSsoft (left) and result of rolling test of the actual model
on coast side. The contact patterns in both pictures are well matched and the contact is
positioned centrically. However, there is an interference line in root, which is visible in
KISSsoft as well. After the contact check, we found that the designer didnt pay enough
attention for the flank modification.

Figure 8: Comparison of contact pattern on coast side

As you can see in Figure 8, it's one of the most important tasks to find the optimal
modification to give good contact pattern in a bevel gear. In KISSsoft, the contact pattern of
the bevel gear pair can be easily optimized by using the skin models with proper
modifications as shown in Figure 9. There are eight different types of the modifications
available (profile crowning, eccentric profile crowning, pressure angle modification, helix
angle modification, lead crowning, eccentric lead crowning, twist, and topological
modification [8]). For each flanks of pinion and gear, different combinations of modifications
can be defined in order to optimize the drive and coast side contacts seperately.
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Initial tooth contact

¥

Apply modification

Gax  Type of mosficaton \ahia [jn] St
Gear L Profke gomning (bareing) 350000 acive
Gear | Crosrng 500000 pcive
Gear 2 Pro%k acenng (harskng) 35,0000 8w

Gear 2 Cromning 500000 actve

Optimal tooth contact

Figure 9: Optimal contact pattern with flank modifications
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3 Topological modifications of the bevel gear
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