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Nomenclature Introduction

a axial distance Gears that are provided with tooth flank modifications have advantages over unmodified

b S W?dth variants (Ref. 1). These advantages include improved acoustic excitation behavior, improved
] cro;vr.nng. load-carrying capacity, or an increase in efficiency (Refs. 2, 3). The degree of optimization
dao KoEial?) d{ameter can be increased by using topological modifications, compared to the standard modifications
dp  gear tip diameter known by the standard (Refs. 2, 3, 4, 5).

fa axial feed rate ) o . L

m; polynomial coefficient The increasing industrial relevance of tooth flank modifications can be traced back to a

Mg tool module radical change in the automotive industry. Increasing environmental awareness is presenting
M2 gear module car manufacturers with new challenges. One of these challenges is to make automobiles

NC Nl Cotizll more efficient and thus more resource-efficient in their consumption. The transmission is
one component that can be optimized in terms of weight and noise emissions (Ref. 6). Tooth

20 number of teeth of the tool et : : :
- number of teeth of the gear flank modifications are usually applied to the gears in the last step of the gear manufacturing
s tool profile angle process chqin, hard finishing (Ref. 7). Eor the manufgcturing pf this modification, established
Q2 gear profile angle manufacturing processes such as profile or generating grinding are generally used (Ref. 7).
Bo tool helix angle A manufacturing process that has received little attention in this respect is gear skiving. It is
B: gear helix angle only recently that gear skiving has become a focus of gear manufacturing (Refs. 8, 9). With

4 difference between modifications gear skiving, a process is available that is suitable for the machining of gears in soft and

z axis crossing angle hard conditions (Ref. 10). Gear skiving can be combined with the production of tooth flank

2 twist angle modifications. However, the application possibilities and limits have hardly been investigated

so far.

This paper was first presented at the 17th CIRP Conference on Intelligent Computation in Manufacturing Engineering, 12-14 July 2023, Gulf of Naples, Italy.
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State of the Art
According to ISO 21771, topological
modifications are described as a freely
definable modification amount on the
grid of a tooth flank (Ref. 11). In con-
trast to standard modifications, which
require at most two defining param-
eters, a definition with three param-
eters is necessary (Refs. 4, 11). Two of
the parameters describe the location
on the grid using coordinates in lead
and profile direction. The third param-
eter represents the amount of modifica-
tion at the previously defined location.
Topological modifications can thus have
gradients that go beyond the linear and
quadratic gradients of standard modi-
fications (Ref. 4). A description of the
courses by a polynomial of higher order
(with a degree greater than two) is pos-
sible, as well as a periodic modification
in the form of a wave (Ref. 2), see left
side of Fig. 1. For the manufacturing of
topological modifications, generating
grinding or profile grinding was mainly
used (Refs. 12, 13). The manufactur-
ing of topological modifications by gear
skiving has not been investigated so far.
Gear skiving is a manufacturing pro-
cess with a defined cutting edge for
machining periodic profiles (Ref. 14).
It is suitable to produce both internal
and external gears as well as worm gears
(Ref. 15). The process is mainly used
when gear hobbing is not possible (Ref.
10). This is especially the case for pro-
ducing internal gears and gear shafts
with interfering contours (Ref. 8). Due
to progressive developments in the field
of CNC control of machine tools, series
production with gear skiving is possible
(Ref. 8). Hard skiving is an additional
process variant that allows hard fine
machining of the tooth flanks (Ref. 16).
The kinematics of gear skiving are
shown graphically on the right side of
Figure 1. The rotational axes of the work-
piece and the tool are inclined to each
other by the axis crossing angle . The
axis crossing angle results from the sum
of the helix angles of the tool 8yand the
workpiece /35, cf. Fig. 1 (Ref. 14). If the axis
cross angle X is increased starting from
0 degrees, the rolling motion becomes a
screw rolling motion (Ref. 15). The screw-
ing motion results in a cutting speed v,
which leads to chip removal if the axis
crossing angle X is sufficiently large.

Modifications according to ISO 21771 (Extract)
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Figure 1—Flank modifications and gear skiving kinematics (Refs. 14, 11).

Objective and Approach

By applying topological modifica-
tions, a gear can be improved in terms
of acoustic excitation behavior, effi-
ciency or load-carrying capacity com-
pared to standard modifications. The
manufacturing of such modifications
has been researched for established
manufacturing processes such as gen-
erating or profile grinding. These pro-
cesses are however not suitable for
internal gears, whereas the gear skiv-
ing process is suitable for internal and
external gears. Investigations into the
manufacturability of topological mod-
ifications utilizing gear skiving are
not available.

In the first step of this research, the
kinematics of the tool and the work-
piece required for producing the mod-
ifications are derived. The modifi-
cations are varied for the flank lines
starting from a linear and a quadratic
deviation up to a polynomial devia-
tion of a higher degree. Based on these
kinematics, an NC code is created for
the machine control. For the deriva-
tion of the necessary kinematics, the
knowledge about the positioning of
the axes in the machine coordinate
system is relevant. In the next step,
external gears are manufactured using
the previously defined kinematics in
a gear skiving process. Finally, the
lead deviations and the topography
are measured. Based on the available
results, it can be evaluated to what
extent topological modifications can
be applied by gear skiving.

Design of Experiments and Test
Setup
Trials to investigate the manufactur-
ability of topological modifications were
carried out on a Gleason Pfauter 300
PS gear-skiving machine. A two-flank
machining strategy in the soft state was
selected for the application of the lead
modifications. The material used was
a 20 MnCr5 steel commonly used for
gears. A gear skiving process with 25
cuts was designed for cutting the gears.
The infeed over all cuts was defined with
a degressive strategy based on a maxi-
mum chip thickness of heymqe = 0.15 mm.
The modified kinematics were applied
exclusively in the last quality-critical cut.
A cutting speed of v, = 60 m/s was kept
constant for all cuts. An axial feed rate
of f, = 0.05 mm was selected for the
final shape-forming cut. A low feed rate
of this magnitude results in minimal
process-related flank deviations, such as
feed marks.

At an increased feed rate f,, there is
a possibility that process-related devia-
tions will override the modifications
applied by the adapted kinematics.
Based on the tool and workpiece data,
an axis crossing angle of X' = -20 degrees
was specified. For the investigations, a
right-handed tool with an outer diam-
eter of dy = 160 mm and a number of
teeth of 2y = 29 was used. Both the pres-
sure angle an0 and the helix angle £,
were 20 degrees. The cutting material
used was PM high-speed steel coated
with AICrN. Table 1 shows the most
important gear and tool data.
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The general procedure for vary- Value Unit
ing the kinematics is shown in Figure

Gear
2. When varying the center distance - 21
along the tooth width by, the kinematic 5 nm
parameters axis crossing angle X and M2 )
twist angle ¢ remain constant. In addi- B 0
tion to the center distance variations, daz 162 mm
which can be described by a polyno- bs 44 mm
mial of any degree, a gear with an end
relief was manufactured. To produce Tool
an end relief, the specification of a dis- 5 0
continuous differentiable axis motion - 5 nm
is mandatory. A possible discontinuous . 20 o
axis motion is shown in purple Figure Bo .
2 on the left. In addition to the center & 20
distance, the axis crossing angle X and dao 160 mm
the twist angle ¢ can also be varied,
see Figure 2 center and right. Varying Process
the twist angle ¢ causes a shift of the ¥ -20 °
cut from one flank side to the opposite “ 120.6 mm
flank side. The change in position of 7 0.05 mm
the workpiece relative to the tool due ‘
to a twist angle variation is shown as an ~ 18ble 1—Gear, tool, and process data.
example in Figure 2. A variation of the
axis crossing angle X leads to a change _____ \Variation of the Variationofthe _ Variation of the Axis
of the tool profile projected into the Centre Distance Twist Angle Crossing Angle
tooth gap. Ar} example. illustration of Tool Tool Tool
the variation is shown in the center of 5 #20° 5 = 20°

Figure 2. Depending on the selected
axis crossing angle X, the additional
tilting around the y-axis results in an
increase or decrease of the tool pro-
file projected into the cutting plane of /
the tooth gap. Due to the tilting of the /
tool profile, uneven material removal /
in profile and flank direction is to be I ) \
- ~ #0° i .
expected durlng manufacturlng. 7 Mrkpiece Modifications ly_' @Wgrjrg?ce (LL @ Workpiece
Transfer of the Kinematics into x Y O\ LA
the Machine CO ntrol Figure 2—Overview of kinematic adjustments.
The use of simulations enables the opti-
mization and testing of processes in
advance of their execution in the man-
ufacturing environment. The transla-
tion of the simulated motions into a
machine-readable language, such as NC
code, is necessary to take advantage of
the simulations in practice. This chap-

Workpiece\x

Manufacturing Simulation Machine

i\ Run-In

ter describes the development of a con- z4 Zero Run-Out
verter capable of translating discrete- ot
time kinematics from a simulation into o W
NC code for a machine control system. 100 100

S 50 S 50
Development of an NC Converter 2 — g,
To transfer the kinematics, a converter - . . 5 Run-in Run-Out
was developed that can translate dis- e 1 2 3 4 o 1 2 3 4
cretized time kinematics from a simula- Time t Time t
tion into NC code for machine control. Figure 3—Method for converting kinematic data.
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The kinematics derived in a .MPF
file were read in and processed by the
Sinumerik 840D SL machine control
from Siemens. Discretized time kine-
matics refers to the movements of a sys-
tem that calculates the axis movements
of the tool and workpiece in time steps.
For the development of an NC con-
verter, the understanding of the work-
ing area and the axis positioning was of
fundamental importance. The required
axis positions in the machine coordinate
system were derived from existing data
and taken into account.

The simulation used to generate the
kinematics had a different origin in
the coordinate system to the machine
coordinate system itself. Therefore, the
axes for the machine control had to
be shifted to generate accurate kine-
matics. The machine coordinate sys-
tem refers to the area in which the
machine actually operates, while the
simulation coordinate system repre-
sents a virtual area in which the kine-
matics are generated. The differences
between the two systems could induce
faulty machine control if the axis posi-
tions were not correctly considered.
An example of the procedure for trans-
ferring the kinematics to the machine
control system is shown in Figure 3.
Starting from a manufacturing simu-
lation, kinematics was defined which
describes a variation of the center
distance a along the gear width b,. In
addition to the center distance varia-
tion, the traverse path in the z-direc-
tion is also displayed. The kinematics
are described discretely in time in a
period from ¢t = 1 to ¢t = 3. Due to a
shift in the coordinate system in the
working area, it is necessary to per-
form a zero-point shift. In this exam-
ple, the shift of the z axis is necessary.
In addition, the run-in and run-out
defined by the machine are taken into
account and coupled with the previ-
ously derived kinematics. This is illus-
trated by an extension of the machin-
ing period, cf. Figure 3.

Knowledge of the working area and
axis positioning enabled the NC con-
verter to generate accurate and effec-
tive kinematics. By using the correct
axis positioning in the machine coor-
dinate system, the accuracy of the con-
version was maximized. Then, the path

curve was discretized. Here, the time-
location information was divided into
discrete steps to ensure a smooth trans-
fer of the motions to the NC code. The
velocity was kept constant by explicitly
specifying the feed rate. A special fea-
ture of the converter is that it recog-
nizes which axis has been modified
and adjusts the path curve for the cor-
responding NC code. This meant that
the simulated movements could also
be accurately implemented using the
machine control. Absolute specifica-
tions were used for changing the axis
distance parameter as well as for vary-
ing the twist angle. For a variation of
the twist angle, the converter enabled
the generation of an NC code with rela-
tive position specification to execute
the movements of the machine cor-
rectly even with changes in the twist
angle ¢. To transfer the kinematics,
a converter was developed that can
translate discretized time kinematics
from a simulation.

Validation of the NC Converter

To validate the functionality and accu-
racy of the converter concerning the
transmission of the kinematics, two
reference gears were manufactured.
The first reference component was
manufactured without modifications.
The kinematics were calculated using
the machine control’s dialog program,
considering the tool and workpiece
parameters, cf. Figure 4. The second
reference gear was also manufactured
without modifications using kinemat-
ics specified by the converter. First,
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the kinematics were derived simula-
tively. The discretized time kinemat-
ics, which describes the movements of
the tool and the workpiece over time,
were calculated. These kinematics were
then converted to an NC code using
the converter. The two reference gears
were measured for their IT quality
and examined for the precision of the
transferred kinematics. In Figure 4, the
comparison of the results of the gear
measurement for the left and right lead
lines of three tooth gaps each, distrib-
uted over the circumference of the two
reference gears is shown. Comparing
the lead lines reveals that the NC code
was able to manufacture a gear that is
qualitatively equivalent to the gear pro-
duced using the skiving machine’s dia-
logue program. A maximum difference
of 4 = 3.6 um is found between the two
reference gears. Based on the available
results, it can be concluded that the
deviations detected are in the order of
magnitude of the usual manufacturing
deviations due to the concentricity of
the tool and the workpiece. Sufficient
agreement can therefore be assumed.
Thus, the functionality and accuracy of
the converter could be validated.

Manufacturing of Topological
Modifications Using Gear
Skiving

After successful validation, the con-
verter can be used to produce topo-
logical modifications. For this purpose,
modifications are created by varying the
axis crossing angle 2, the center distance
a, and the twist angle ¢.

Right Flank
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Figure 4—Comparison of the lead lines of the two reference gears.
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Variation of the Center Distance
The results of changing the center
distance based on a polynomial with
degree 4 are shown in Figure 5. The
course of the specified polynomial could
be applied to both flank sides. However,
there are deviations between the speci-
fied and the manufactured modification
in terms of the amount obtained over
the entire width of the tooth.

On the left flank side, a deviation of
4 = 2.5 pm was detected between the
specified and the achieved amount of
modification. On the right flank side,
this amounts to 4 = 3.4 pm. However,
an analysis of the topography of both
flank sides reveals a good agreement
between the specified course of the
modification over the tooth flank and
the obtained course of the flank line
modification. A high degree of agree-
ment was achieved concerning the
course and magnitude of the modifica-
tions. The course of the flank lines in
the form of a polynomial of degree 4 is
clearly recognizable.

The specification of a discontinu-
ous path movement in processes such
as generating grinding is used to pro-
duce end relief. This procedure could
be applied to gear skiving, cf. Figure 6.
The desired amount of modification
for the left flank in the positive and
negative areas of the gear could not
be achieved exactly. A difference of
4 = 7.6 um was determined between the
specified modification amount and
the amount achieved. Due to the con-
stant center distance setting dur-
ing cutting in the center of the gear
(b2 = 0 mm), no differences resulted
between the actual and the nominal
values. However, when the center dis-
tance is changed to a linear infeed,
deviations in the modification amount
and the course can be detected.

The course of the measured flank
line shows that the tool was fed into
the workpiece before the desired point
for the start of the center distance
modification. In the center of the
gear (b2 = 8 mm to -8 mm) there are
almost no deviations. In radial direc-
tion towards the tip radius in the direc-
tion of the outer radius, however, devi-
ations between the specification and
the manufactured topography become
apparent. On the outer sides of the
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Figure 5—Results of the application of a polynomial degree 4.
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Figure 6—Results of a discontinuous change of the axial distance.

tooth flanks, the change in the center
distance to a linear infeed is evident.
The start of the linear infeed varies for
both flank sides in the radial direction.
The deviations at the beginning of the
infeed show a linear course along the
profile direction of the gear. The shape
of the present deviations is similar to
a twist, which in principle occurs in
modified helical gears (Ref. 14).

Manufacturing of Modifications
by Changing the Twist Angle

The twist angle ¢ was varied in the
range between 0.0° < ¢ < 0.2°. A quali-
tative agreement was achieved between
the simulatively defined specification
and the actually manufactured flank line
concerning the amount and the course,
cf. Figure 7. For the left flank side, the
largest deviation in terms of amount
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is identified in the positive area of the
tooth width with 4 = 1.0 pm. Due to the
two-sided machining, a modification
mirrored in amount is obtained for the
right flank side. A qualitative agreement
was also reached between the specifi-
cation and the achieved modification.
However, deviations can be seen on the
right flank in both the positive and neg-
ative areas of the tooth width b, with
a difference between the specified and
the achieved modification amount of 4
= 4.5 pm. Further deviations on the left
flank side become apparent when ana-
lyzing the topography. Contrary to the
simulation, the amount of modification
changes in the profile direction for the
manufactured gear. However, it should
be noted that a quadratic modification
could be applied by adjusting the twist
angle .

www.geartechnology.com
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Figure 7—Results of a quadratic change of the twist angle .
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Figure 8—Results of a linear change of the axis crossing angle X.

Manufacturing of Modifications
by Adjusting the Axis Crossing
Angle

The influence of a variation of the axis
crossing angle X on the tooth flank
topography was investigated in the
following. For the investigation, a lin-
ear variation of the axis crossing angle
X2 was applied along the tooth width
bs. The variation of the axis crossing
angle X was carried out in a range
of between -20.02° < ¥ < -20.0°. The
results are shown in Figure 8 and
demonstrate that a specific modifi-
cation of the tooth flank topography
is possible by varying the axis cross-
ing angle. The specified linear varia-
tion of the axis crossing angle X~ could
not be fully implemented on the left
flank. Instead, a parabolic course of
the manufactured flank line could

be measured. Nevertheless, the spec-
ified amount of modification could
be maintained, which means that
only a maximum difference of 4 =
2.3 um between the specified and
the actual amount was detected. On
the right flank side, a linear progres-
sion of the measured flank line could
be observed. When considering the
topography for the left flank side, an
analogous picture emerges. Instead of
the specified linear course, a quadratic
modification of the topography was
measured. However, apart from the
lack of linearity, an equivalent modi-
fication curve is obtained between the
simulated and the specified topog-
raphy. These results show that the
specific modification of the tooth
flank topography by varying the axis
crossing angle X is possible. Precise

N R

implementation of this technique is
challenging and requires further
investigation to improve the accuracy
of the transferred kinematics.

Summary and Outlook

Gear skiving is used for both soft and
hard finishing. As a quality critical
final step in hard finishing, the process
can be used to create modifications to
the tooth flank. At present there is no
knowledge of the extent to which topo-
logical modifications can be applied by
gear skiving. In this report, the feasibil-
ity of manufacturing topological modi-
fications on an external gear through
adapted kinematics for gear skiving has
been investigated. The first step was
to develop an NC converter. The kine-
matics derived from a manufacturing
simulation had to be transferred to the
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machine control. Considering the char-
acteristics of the skiving machine, such
as the infeed and outfeed paths or the
zero offset, the simulated kinematics
are converted into NC code that can be
executed by the machine controller. A
comparison between a gear produced
by the dialogue program and a gear
produced by the predefined kinematics
showed very good agreement between
the lead measurements.

The NC converter was used to derive
the adapted kinematics for the modi-
fications. The parameters of the center
distance a, the axis crossing angle 2,
and the twist angle ¢ were varied. Due
to the two-flank machining, partially
offset modifications were generated on
the right flank. The specified modifica-
tions due to a center distance modifi-
cation could be kinematically imple-
mented and determined on the tooth
flank with small deviations. It was also
possible to generate the specification

For Related Articles Search

of a discontinuous modification in the
form of an end relief. A constant change
in the twist angle ¢ results in a helix
angle deviation fpg. An extension of the
adjustment of the twist angle ¢ to gener-
ate further modifications is therefore a
logical conclusion. A quadratic variation
of the twist angle ¢ led to the generation
of a crowning and can therefore be con-
sidered as an alternative to the applica-
tion of a width crowning by changing
the axis distance. A linear variation of
the axis crossing angle X resulted in a
parabolic twist, which could be used to
compensate for the natural twist caused
by lead crowning.

In addition to the derivation of
adapted kinematics and the develop-
ment of a converter, it is necessary to
adapt the tool profile to generate topo-
logical profile modifications. A real-
ization of the corresponding manufac-
turing process and thus a superposi-
tion of adapted kinematics and tool

gear skiving

at geartechnology.com
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profile is the next step. An investiga-
tion of the transferability to internal
gears is also required.
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