w
Taking into Account the Production
Methodology and Estimating the
Influence of Manufacturing Quality on
NVH Performance when Sizing Gears

Dr. Ing. Ulrich Kissling, ETH

Summary

Noise emissions from gear units in electric vehicles are a major problem. It is a well-known fact that if gears with high accuracy are used, their
service life is increased and vibrations are reduced, improving the NVH (noise, vibration, and harshness) performance, resulting in less noise. For
this reason, many EV (electric vehicle) manufacturers require a high to very high quality according to ISO 1328 (Ref. 8) for gear manufacturing.

In practice, the profile form deviation, in particular, is greatly restricted. In some cases, requirements are specified that are almost impossible
to manufacture. This increases cycle times and therefore manufacturing costs. This begs the question whether the requested high quality
actually produces any real improvements or whether, for example, a well-sized profile modification isnt more effective than simply reducing the
permitted manufacturing allowances.

For this reason, it would be sensible to find a method that can be used to estimate the influence of the manufacturing accuracy. When the gear
profile measurement is analyzed, the signal is always statistically scattered and usually overlaid with a certain basic waviness. The size of this
waviness directly influences the resulting profile form deviation.

This paper describes the basis for, and results from, a project that investigated the influence of quality on the resulting transmission error and
the excitation force in the gear meshing. To achieve this, a sinus-shaped waviness is applied to the theoretical ideal tooth flank. The amplitude,
length and initial value of the waviness can be modified. This modification can be applied in both the profile or flank line direction, individually,
or both at the same time. The changes in transmission error, excitation force and other fundamental influences on the causes of vibration are
then evaluated to obtain a result.

The amplitude or height of the waviness depends on the maximum permitted profile form deviation fs, according to the selected quality. The
waviness length or initial value can however vary during production, without any influence on fi,, depending on the situation. For this reason,
it is necessary to take into account the result scatter for different forms of waviness. This can be achieved in an automatized process by
combining different variants of amplitudes, lengths and phase angles, for the purposes of calculation. The changes in transmission error and
other values that occur, can then be displayed and used to forecast the effect of the quality on the NVH performance. The application of this

method to some current gear units is shown and discussed.

Considering the production methodology in the gear
design process

Gear unit design and tooth flank modifications

When a gear unit is sized, a gear unit schematic is created,
based on the requirements such as loads, speeds and output
reductions. A schematic of this kind can then be modelled
very efficiently in a drive systems software design package
(Ref. 1)(Figure 1). The dimensions of gears, shafts and bear-
ings can be defined with sizing functions. This very quickly
provides the designer with an initial draft that already meets
fundamental requirements such as minimum safeties and/or
service life.

After adjustment of the gearbox dimensions to given spa-
tial boundaries and other constraints, static and dynamic
simulation of the gearbox is performed. This enables the
specialist to identify which tooth flank modifications are
necessary to avoid tooth damage due to deformation under
load. Nowadays, profile and flank line modifications specifi-
cally intended to minimize excitations of vibration (noise!) or
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losses (efficiency!) are extremely important. Tooth modifica-
tions of this kind are made for reasons of purely functional
nature. Most often such modifications are crownings in the
profile and flank line direction.

Tooth flank modifications that have been defined for purely
functional reasons can usually only be manufactured approxi-
mately. It is then the task of the manufacturing department to
achieve this function-oriented tooth modification as accurately
as possible.

Gear manufacture methods

A multitude of different processes for manufacturing cylin-
drical gears are available (Figure 2). For pre-machining, pro-
cesses such as hobbing, profile milling, shaping, broaching or
skiving are available. Fewer processes exist for hard finishing,
mainly generation grinding, profile grinding and gear hon-
ing. Gears are produced based on the tool geometry and pro-
cess kinematics. The kinematic is calculated by the control
software of the machine, using the theoretical gear data and
the required tooth modifications.
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Figure 1—Gearbox design of a lightweight differential, for an EV. Left: Gear unit schematic representation in the KISSdesign Sketcher. Right: View of the 3D model after

pre-sizing in KISSdesign (Ref. 1).

Figure 2—Customary production process for cylindrical gear manufacture.

Usually, the design department designs a gear with little dis-
cussion about the production. If the production is outsourced,
as is often the case nowadays, during the design phase usually
no decision is taken as to who will produce the gears, or which
process will be used.

Taking the production methodology into
consideration during the design process

Every production method (Figure 2) has its own specific prop-
erties that either enable the method to produce a particular
tooth modification well, reasonably well or not at all. The
machine operator in the production is faced with the prob-
lem of producing a modification that cannot be created math-
ematically exact. Consequently, the required modifications are
produced with an approximation which is more or less good.
If the operator then succeeds in creating the gear within the

N\

specified tolerance, he is happy with that. Deviations from the
required modifications are checked during production with
profile and flank line measurements. This process is of limited
use for checking topological modifications. A reasonable toler-
ance interval is necessary for gear production, otherwise the
production costs may become excessive. The question remains,
if a gear produced inside the given tolerances will have the gear
properties intended by the designer.

For example, a profile form deviation is defined in such a way
that the required profile form, shown as a dashed line in Figure
3, is moved as far to the right and left (shown as pointed lines)
as is necessary to touch the measured profile form, shown as a
thick blue line. The distance by which the profile form is dis-
placed to the left and right then accounts for the profile form
error fi, according to ISO 1328. It is obvious that there are dif-
ferent profile forms that all have the same value for fg. This
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Figure 3—Determination of a profile form deviation f;..

methodology can only partially evaluate the influence that a spe-
cific deviation of this kind has on a gear’s noise characteristics.
The same applies for the flank line form deviation (Ref. 3).

Example: Natural twist resulting from flank line
crowning

A classic example, how the manufacturing process can influ-
ence the tooth properties, is the production of flank line
crowning on a simpler grinding machine. During the genera-
tion grinding process of a helical gear tooth, the movement of
the tool results in a specific deviation error called “natural
twist” This deviation consists of a twist with a small overlaid
profile crowning (Figure 4). Modern grinding machines can
compensate for this twist caused by manufacturing, but sim-
pler machines cannot. Such a twist can greatly influence the
contact pattern and the excitation characteristics in the mesh-
ing and is normally not desirable.

However, in the case of a helical gear, a flank twist is some-
times deliberately used as a modification, in certain cases. This
shows that a twist caused by manufacturing can sometimes be
useful. If the design software enables the twist caused by manu-
facturing to be calculated and taken into account in the contact
analysis, the resulting manufacturing deviation can be included
at gear sizing stage. This simplifies the grinding process con-
siderably and it is easier to achieve the target contour.

Integrating Production expertise when sizing gears
As discussed above, it is useful to take a manufacturing meth-
od’s properties into account when sizing gear tooth geometry
and modifications. The manufacturing method also affects the
costs and can therefore be extremely important, especially in the
case of larger production series. For example, gear honing is a
very cost-effective method for large production series but can
only be used up to approximately module 6 mm. Alternatively,
power skiving can be a very productive way to manufacture a
gear, compared to the use of a shaper cutter, but it is necessary to
check whether the workpiece and the tool might collide.

However, it is often the case that the gear designer does not
have enough expertise in production to overcome the restric-
tions inherent in the different processes. For this reason,
KISSsoft (Ref. 1) strives to integrate production expertise in its
sizing software. The challenge is to be able to check the usabil-
ity of a particular manufacturing method without the designer
is asked for details that he does not know. For example, it
should be avoided that the designer being asked to enter the
diameter of the shaft of a power skiving tool which he may not
know. This makes the development of manufacturing verifica-
tion programs a challenge.

As KISSsoft AG has now been integrated with Gleason (Ref. 2),
there are a number of new options for achieving this task.

The influence of manufacturing quality on NVH
performance

The nature of the problem
As previously discussed, the production of predefined modifi-
cations, especially topological modifications, can be difficult.
Naturally, the designer wants that the modifications as defined,
e.g., especially for low-vibration gear sizing for EV applica-
tions, to be produced as accurately as possible.

In practice, the profile form deviation, in particular, is often
greatly restricted. In some cases, requirements are specified

Figure 4—Natural twist caused by manufacturing (S, 10,004 um according to ISO 21771) when a flank line crowning (21.9 um) is produced using generation grinding.

Calculation in KISSsoft (Ref. 1).
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that are almost impossible to manufacture. This increases cycle
times and therefore manufacturing costs. This begs the ques-
tion of whether the required high quality actually produces
any real improvements or
whether, for example, a well-
sized profile modification
isn't more effective than sim-
ply reducing the permitted
manufacturing allowances.

When the profile and
flank lines in gear measure-
ments are analyzed, the sig-
nal is always scattered and
usually overlaid with a cer-
tain basic waviness. Consequently, the amount of waviness
directly influences the resulting profile and helix form deviation.

It is logical that a waviness on the tooth flank is, or can be, the
cause of vibration (Ref. 4). On the other hand, it has also been
confirmed that the excitation is not necessarily proportional to the
amplitude or length of the waviness (Ref. 5). A certain amount of
waviness can even improve the noise characteristics. This has been
investigated in tests at TU Munich’s FZG (Gear Research Center),
which have proven that a significant reduction in noise can be
achieved with a precisely predefined waviness (Refs. 6 and 7).

This arose the idea of applying an additional waviness to a
theoretically optimally sized tooth (with and without modi-
fications) and then testing the influence of such a devia-
tion on the required properties. First of all, a tooth pair in
a theoretically error-free state should be investigated with
contact analysis (under load), to determine the usual criti-
cal properties such as transmission error, excitation force,
Hertzian pressure, loss etc. After that, an additional wavi-
ness is applied to the tooth so that the calculation can be
repeated and the deviation from the results of the first cal-
culation can be determined. The order of magnitude of the
waviness should correspond to the form deviation (fx for
the profile or fg for the flank line) of the intended accuracy
grade (e.g., according to ISO 1328).

Figure 5—Checking the manufacturability in a special “Manufacturing” tab in
KISSsoft.

Application in the calculation

To enable this calculation to be performed, a table was
added to the “Manufacturing” tab in KISSsoft (Ref. 1)
(Figure 5), in which the user can enter manufacturing devi-
ations (Figure 6).

Figure 6—Selecting and inputting waviness types in KISSsoft.

The manufacturing form deviation can be simulated as wavi-
ness in the profile direction, in the flank line direction, or in
the direction normal to the tool which is used to produce the
gear, as defined in Table 1. Inputs can also be cumulated by

entering deviations multiple times.

Waviness
nputs | PR | omuiagon” dueto
sim manufacturing
“Value”, pm Amplitude *2 Amplitude *2 Amplitude *2
Sinus wave length | «: Sinus wave
“Factor 1" in module Slnuisnvr\;]aovdeulleéngth length in
(roll length) module
Distance from D(i’stelmce f[j%rln
tip to middle side | to middle : :
“Factor 2" amplitude in amplitude in Wz\gnlis%hellx
module (starting module (starting g'€ Puwel
point) point)
Formula
used 1 2) 3)
1) | Afoa=value/2* [1- Sin(2*m (0.25 - Factor2/Factor1 + L(y) / Factor1/mn))]
2) | AfB=value/2* [1-Sin(2*n (0.25 - Factor2/Factor1 + b(x) / Factor1/mn))]
3) Afa, AfB depending on Bwell

Table 1—Waviness definition

One important problem relating to the determination
of the influence of waviness on meshing is that waviness
resulting from manufacturing can vary from one tooth to
the next, or from one workpiece to the next. The wave-
length, wave start (Figure 7), and amplitude will vary ran-
domly. This is obvious in analyses from gear-measuring
machines (Ref. 5). So a large number of calculations must
be performed to analyze the scatter of these parameters.
Different variants of the amplitude, length, and start val-
ues are generated. Contact analysis is performed for each
variant to calculate the most important results, which are
then displayed.

An enormous amount of time would be needed to per-
form this procedure step by step with manual calculations.
The use of the script language integrated into KISSsoft (Ref.
1) is a good solution in this case. The engineer perform-
ing the calculations can use a script editor to write and run
their own functions in the software. This then enables the
contact analysis to be calculated automatically many times,
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with varied waviness (Figure 8). The results are saved and
displayed in an overview.

Application for an industrial gear unit

Profile form deviations

As an initial example, the method is applied to an industrial
gear unit without modifications. The considered output stage
has a module of 6 mm, number of teeth is 26:75, face width
is 26 mm and the output torque is 5,000 Nm. The specified
quality for the case-hardened gears according to ISO 1328 is
Q6. The permitted profile form deviation fi, (Figure 9) equals
12 ym.

The peak-to-peak transmission error (PPTE) is calculated
with different waviness types resulting from manufacturing.
The double amplitude (peak to valley value) is varied from 0
to 12 um. A double amplitude of 2*6 um corresponds to the

VALUE: Waviness (double amplitude) in mm ”
FACTOR 1: Wave length in module )
FACTOR 2: Distance from tip in module >

Figure 7—Display of the waviness in the Profile diagram.

Figure 8—Extract from a script program with which the waviness resulting from
manufacturing can be varied (the amplitude is varied in 10 steps, the length in 4
steps, and the start in 4 steps).
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maximum permitted profile form deviation (12 pm) if the
quality is Q6. If the specified quality is 3, 4 or 5, the double
amplitude would be 2.1, 3.0, or 4.3 um. Figure 10 shows the
result if the double amplitude is varied from 0 to 12 mm, the
wavelength is varied from 3 to 9 mm and the length of the
start from the tip is varied with 0, 25, 50, and 75 percent of
the wavelength. The graphic contains all the PPTE results
with the same amplitude on the same x-coordinates. This
shows the bandwidth of the results depending on the length
and starting angle. For a given amplitude, the PPTE will con-
sequently lie within the interval shown.

The PPTE for the error-free gear is 16.7 pm. If the toler-
ance is Q4, the PPTE increases on average by around 11
percent and lies within a range of 15.2 to 22.0 um. If the
tolerance is Q6, the PPTE increases on average by 21 per-
cent, within the range 12.8 to 27.7 um. When we consider
that the PPTE can be reduced by 50 percent or more by
using an adjusted profile modification, an increase of 21

Figure 9—Profile deviations according to ISO 1328-1 (Ref. 8).
Sinus-Ondolation ffa
2*Amplitude Length  Startangle PPTE 1.Harm. Loss sigHmax  LoadVar. 2.Harm.
0 6 0 16.705 5.38 1048.21 949.02 11450.82 5.38
0 6 90 16.705 5.38 1048.21 949.02 11450.82 5.38
0 6 180 16.705 5.38 1048.21 949.02 11450.82 5.38
0 6 270 16.705 5.38 1048.21 949.02 11450.82 5.38
0 12 0 16.705 5.38 1048.21 949.02 11450.82 5.38
0 12 90 16.705 5.38 1048.21 949.02 11450.82 5.38
0 12 180 16.705 5.38 1048.21 949.02 11450.82 5.38
0 12 270 16.705 5.38 1048.21 949.02 11450.82 5.38
0 18 0 16.705 5.38 1048.21 949.02 11450.82 5.38
0 18 90 16.705 5.38 1048.21 949.02 11450.82 5.38
0 18 180 16.705 5.38 1048.21 949.02 11450.82 5.38
0 18 270 16.705 5.38 1048.21 949.02 11450.82 5.38
0 24 0 16.705 5.38 1048.21 949.02 11450.82 5.38
0 24 90 16.705 5.38 1048.21 949.02 11450.82 5.38
0 24 180 16.705 5.38 1048.21 949.02 11450.82 5.38
0 24 270 16.705 5.38 1048.21 949.02 11450.82 5.38
0.6 6 0 16.836 5.36 1049.7 948.41 11618.68 5.36
0.6 6 90 17.062 5.38 1048.57 929.6 11743.61 5.38
0.6 6 180 16.866 5.36 1050.55 957.59 11517.4 5.36
0.6 6 270 16.649 5.32 1050.22 967.84 11427.37 5.32
0.6 12 0 16.428 5.2 1052.55 953.87 11238.15 5.2
0.6 12 90 16.698 533 1049.05 947.75 11454.85 533
0.6 12 180 16.983 5.44 1049.35 943.75 11620.79 5.44
0.6 12 270 16.692 5.4 1048.26 950 11418.25 5.4
0.6 18 0 17.179 5.55 1051.84 947.05 11794.55 5.55
0.6 18 90 16.643 5.35 1047.03 950.3 11385.27 5.35
0.6 18 180 16.274 5.14 1048.5 948.82 11079.33 5.14
0.6 18 270 17.017 5.42 1051.26 947.35 11689.4 5.42
0.6 24 0 17.003 5.45 1052.62 947.78 11666.03 5.45
0.6 24 90 17.068 5.52 1050.62 948.05 11716.57 5.52
0.6 24 180 16.386 5.2 1047.24 949.87 11189.82 5.2
0.6 24 270 16.373 5.19 1048.05 949.59 11190.82 5.19
1.2 6 0 17.06 533 1052 966.24 11854.2 533
1.2 6 90 17.497 5.38 1049.33 915.11 12088.74 5.38
12 6 180 17.108 5.45 1050.22 967.79 11857.75 5.45
1.2 6 270 16.683 533 1049.47 986.66 11527.59 533
12 12 0 16.15 5.09 1054.14 958.89 11046.6 5.09
12 12 90 16.686 5.28 1050.22 946.79 11455.86 5.28
1.2 12 180 17.289 5.55 1047.71 938.65 11832.23 5.55
12 12 270 16.716 5.46 1047 951.27 11508.05 5.46
1.2 18 0 17.71 5.81 1053.05 945.28 12214.39 5.81
1.2 18 90 16.525 5.23 1047.27 951.8 11354.38 5.23
12 18 180 15.844 4.88 1047.34 951.52 10750.54 4.88
1.2 18 270 17.384 5.53 1051.54 945.91 12004.09 5.53
12 24 0 17.39 5.59 1056.46 946.74 11953.6 5.59
12 24 90 17.43 5.66 1053.58 947.29 11976.09 5.66
1.2 24 180 16.142 5.09 1043.54 950.92 11006.85 5.09
12 24 270 16.081 5.06 1045.13 950.36 10997.96 5.06
1.8 6 0 17.303 5.34 1052.47 982.32 12136.32 5.34

Figure 10—Influence of the waviness (on the profile) resulting from manufactur-
ing on the transmission error (PPTE) in the case of a gear pair with module 6 mm.
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percent is absolutely within the bounds of what is acceptable.
Consequently, specifying Q6 for this gear set is appropriate as
the manufacturing costs for Q6 are considerably lower than
for Q4.

The increase is not relevant for power loss as the average
reduction is 1 percent. By contrast, the effect on Hertzian pres-
sure is bigger. In the case of Q6, the maximum Hertzian pres-
sure increases on average by 11 percent (Figure 11).

Flank line form deviations

The specified helix form deviation for the gear under con-
sideration, fip, equals 11 um for Q6, in the case of face
width 44 mm. Figure 12 shows the result if a waviness is
applied in the flank line direction, the amplitudes are var-
ied from 0 to 11 mm, the lengths are varied from 7.5 to 22
mm and the starting angle is varied with 0, 25, 50 and 75
percent of the wavelength.

The influence of a flank line waviness on the transmission
error is extremely low (in the case of Q6, the PPTE increases
on average by around 0.2 percent)! The power loss increase is
also minimal (< 0.3 percent in the case of Q6). The influence
on the Hertzian pressure is greater and in the case of Q6, the
maximum pressure increases by approximately 14 percent on
average (in the range +11 to +16 percent). So generally, helix
form deviations caused by waviness are obviously much less
critical than profile form deviations!

PPTE
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Waviness normal to the direction of processing

Waviness in the direction normal to the tool which is used to
produce the gear can, for example, occur through the mill-
ing process. The waviness influence on the transmission error
(PPTE) is similar to the waviness influence in the profile direc-
tion. In the case of Q6, a maximum increase of 25 percent
results. The maximum Hertzian pressure changes in the range
+10 percent to +100 percent (Figure 13).

Application in the case of EV gear units

Gear units for industrial applications usually either have no
modifications, or only more simple modifications. In con-
trast, complex modifications are always used in vehicle gear
units in general and EV gear units in particular to optimize

Figure 11—Influence of the waviness (on the profile) resulting from manufactur-
ing on the power loss (top) and the maximum Hertzian pressure (bottom).

A A
Q6 Q6
Q6 Q6

Figure 12—Top: Influence of the waviness resulting from manufacturing (flank)
on the transmission error (PPTE) and the amplitude of the first harmonic (FFT
analysis) in the case of a gear pair with module 6 mm. Bottom: Influence on the
power loss (left) and the maximum Hertzian pressure (right).
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Figure 13—Influence of the waviness resulting from manufacturing in the direction of processing (top left) on the transmission error (PPTE, bottom left) and the maxi-

mum Hertzian pressure (bottom right).

load distribution, noise characteristics and loss/efficiency.
Gear pairs of this kind usually have much less transmission
error than a conventional gear unit. Investigating the effects
of manufacturing errors on gears with significant modifica-
tions is necessary for that reason, and can produce entirely
different results.

The example described is the interim stage in an EV gear
unit from a car made by a well-known manufacturer. The
gear pair module is 1.57 mm, the number of teeth is 33:87,
the face width 35 mm, the helix angle 23.5° and the drive
torque 500 Nm. The specified quality for the case-hardened
gears according to ISO 1328 is Q5. The permitted profile
form deviation f;, equals 6 pm. The flank modifications are
shown in Figure 14.

The transmission error (PPTE) of the error-free gear equals
0.71 pm. Without modifications it would be 1.7 pm. This
shows the importance of the modifications. In this example,
the evaluation (Figure 15) shows that a waviness has very
little influence on the mean value of the PPTE (an increase
of 10 percent in the case of quality Q5). However, the PPTE
scatter—depending on the wavelength or the position of
the first amplitude—becomes more significant in the case
of greater amplitudes than in the case of the example in
“Application for an industrial gear unit” In the case of a tol-
erance of 6 um (quality Q5), the PPTE can change by +50
percent (in the worst case) or -28 percent (in the best case).
This is not unexpected: Teeth with significant modifica-
tions are often less tolerant when it comes to manufacturing

Figure 14— Profile and flank line modification of the investigated EV gear unit.
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Figure 15—Influence of the waviness (profile) on the transmission error (top), the amplitude of the first harmonic (bottom left) and the excitation force in the case of an

EV gear pair (bottom right). (Red line: mean value.)

Figure 16—Influence of waviness (profile) on the power loss (left) and the maximum Hertzian pressure (right).

deviations. Naturally, however, the method described here
can also be used to define modifications which are as “toler-
ant” as possible concerning manufacturing deviations!

The influence of the manufacturing deviations on the
efficiency (loss) is very low (Figure 16). The loss in the case
of Q5 (double amplitude 6.0 um) only changes in the range

N\

+6 percent, compared with the value for the theoretical
tooth. However, in accordance with expectations, the influ-
ence of the manufacturing allowances is much greater in the
case of the Hertzian pressure. In the case of Q5, the maxi-
mum pressure increases on average by 38 percent, ranging
from -9 percent to +67 percent (Figure 16).
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Inclusion of slope deviations, simulation of total
deviations

So far, the influence of form deviations on the profile (fi)
and form deviations on the flank line (f;) caused by wavi-
ness has been discussed. However, tooth flank manufactur-
ing allowances consist of form and slope deviations (fua, fup)
which are combined to produce the total deviation (F., Fp)
result (Figure 9). So, different variants of the slope devia-
tion have to be cross correlated with form deviations. This
does increase the time needed for calculation, but general-
izes the method.

Note: E, = z/fH[,Z +fra® Fg = ZIfHBZ + frp?

Figure 17—Influence of profile slope deviations fy. combined with profile form
deviations f;, on the transmission error (PPTE). Top: short wavelength 6 mm.
Bottom: long wave length 24 mm. The manufacturing deviations on the flank
with maximum values for f;, and fu, are shown on the left side.
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In this example, the profile slope tolerance for Q6 equals
£9.5 um and the form tolerance is 12.0 um (amplitude 6.0
pum). The range shown in Figure 17 shows the progression
from Q4 to Q6. The analysis shows that the slope deviation
has less influence on the transmission error than the form
deviation. Figure 18 shows the same results in a different way.
The tolerance range permitted up to Q6 is displayed here.
The lesser influence of the slope deviation is clearly visible,
both in the case of PPTE and the maximum pressure.

Figure 18—Alternative representation of the results. The profile slope deviations
fHa are only varied using 3 variants (-9.5, 0 and +9.5 ym) and are highlighted
in color. Top: representation of the transmission error (PPTE) as in Figure 17.
Bottom: maximal Hertzian pressure.

Summary

Well-sized modifications on the tooth will enable the ser-
vice life to increase, will reduce the causes of vibration and
reduce noise levels. The modifications must be manufac-
tured as exactly as possible, to achieve the required prop-
erties over the speed-torque range of the gearbox. In prac-
tice, therefore, the form deviation in particular is greatly
restricted. In some cases, requirements are specified that
are almost impossible to manufacture. This increases cycle
times and therefore manufacturing costs.

To evaluate the influence of the manufacturing devia-
tions, a sinus-shaped waviness is applied to the theoreti-
cal ideal tooth flank. The waviness can be modified with
amplitude, length and initial value parameters. Such a
manufacturing deviation can be applied in both the profile
or flank line direction, or in the direction of manufacturing
tool, or a combination of the above. By systematically vary-
ing these parameters, it is possible to investigate the extent
to which the required gear properties, such as transmission
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error, excitation force, efficiency or maximum Hertzian
pressure, change.

For example, if the double amplitude of the waviness
on the profile approximately matches the profile form
deviation tolerance (fw) according ISO 1328 for a speci-
fied quality X, it is possible to determine how “stable” the
gear is with regard to manufacturing errors. The quality
requirement can then be increased appropriately, to X-1,
or reduced appropriately, to X+1, which will in turn also
change the manufacturing cost.

Besides form deviations, also slope deviations and total
deviations can be investigated. Slope deviations in the range
of the specified quality tend to have a lesser influence on
the gear properties.

Two examples from practice are discussed: An applica-
tion involving an industrial gear unit and one from an EV
gearbox (electric vehicle). The analysis shows that gears
with well-sized modifications that already have a low PPTE
value are more sensitive to manufacturing deviations. The

discussed examples show clearly that, in this particular case,
there is no point in specifying an accuracy that is higher
than Q4. The changes to the meshing’s properties are then
so minimal that the extra effort involved cannot be justified.

Manufacturing deviations in the profile direction only
have a minimal effect on the power loss. However, the
transmission error (PPTE) and maximum Hertzian pres-
sure are clearly dependent on deviations. As investigations
at the FZG in Munich have proven, the transmission error
can even improve in the case of certain waviness. Flank line
form deviations caused by waviness are much less criti-
cal than profile form deviations. When the investigation
was extended to include form deviations in combination
with slope deviations—i.e., to simulate total deviations—it
showed that slope deviations have less influence on the
gear performance.

The methodology can also be used to test different modifi-
cation variants, and to evaluate how tolerant a certain gear
design is regarding manufacturing deviations. {8}
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