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Introduction

During the revision of ISO 1328-1:2013
Cylindrical gears —ISO system of flank
tolerance classification, ISO Technical
Committee TC 60 WG2 delegates dis-
cussed proposals that the standard should
be modified to ensure that it is compat-
ible with the ISO Geometrical Product
Specification (GPS) series of standards
(Refs. 1-3). This seems sensible because
the gears are geometrical components,
but after reviewing the implications, it
was rejected because ISO TC 60 WG2 did
not think the gear manufacturing indus-
try was ready for such a radical change
in measurement strategy. GPS standards
are numerous: a search on the British
Standards website delivered 203 docu-
ments (Ref.4) and it is probably not sur-
prising that few companies have adopted
the guidance within the documents.

An EMRP EURAMET-funded proj-
ect (ENG56-DriveTrain), which is jointly
funded by the EU and participating
national states, completed a significant
research project to improve the “Traceable
measurement of drivetrain components
for renewable energy systems. Part of
this project investigated the feasibility
of implementing GPS-compatible mea-
surements to gears. The work concluded
that there would be significant benefit in
applying GPS strategies to gears, but there
are also some significant problems. The
need to specify functional, performance-
based characterization parameters is very
challenging, but the work summarized
in this paper provides a framework to
develop GPS-compatible measurement
strategies for gears.

GPS Methodology

GPS was introduced in 1992 when it was
realized that digital definitions of prod-
ucts or workpieces were changing how the
design, stress analysis and modeling, as
well as CNC machine tool manufacture,
and measurement processes were used.
There is a need to define inputs math-
ematically for these tools and to define a
structured way of processing the data.

The process assumes that we specify
allowable deviations or tolerances to
the ideal or theoretically shaped com-
ponent. We specify functional, perfor-
mance-based characterization parameters
or ‘features’ for each of these geometry
elements. These geometry features have
a functional effect on the component
performance and require controlling.
For example, we specify the effect that
eccentricity (um) will have on out-of-
balance forces (N) when a shaft is rotat-
ing. We calculate these effects reasonably
accurately, but the geometry specifica-
tion parameter may not exactly control
or influence the function requirements,
so there is residual uncertainty with the
specification parameter — although it
may be small. For gears, functional per-
formance or key performance indicators
(KPIs) may include noise and vibration
limits at a range of torque values and
operating speeds, contact stress result-
ing in macro- and micropitting damage,
bending fatigue failure and scuffing risk.
The correlation between the geometrical
component specification and each KPI
needs to be quantified to specify toler-
ance limits. These will be different for
each application, but it is likely that com-
mon processes and strategies could be
adopted. All stages of the process include
unavoidable uncertainties, as no process

is perfect and these need to be quantified.

The key GPS process stages are:
o A measurement strategy (extraction)
is needed to extract points from the
selected collection of surfaces on the
manufactured workpiece. If we can't
measure 100% of the surfaces, there is
potential that our measurement data
density was not sufficient to capture
the manufactured characteristics and
uncertainty in characterization of each
measured element from the measure-
ment strategy.
The geometrical extracted feature will
include ‘noise’ from the extraction pro-
cess (equipment) and include high- or
low-frequency workpiece deviations
which may not be required for the
evaluated functional parameter. Thus,
appropriate filters are specified.
We need to use the extracted data and
evaluate functional characterization
features. This process is called ‘associa-
tion, which fits the imperfect extracted
feature with an ideal feature (such as
a circle or involute profile — both of
which are mathematically defined).
Each characteristic of the feature is
independent of other characteristics
(the so-called independency principle).
Evaluation of the functional charac-
teristics introduces further potential
uncertainty.
The final stage is to establish compli-
ance (or otherwise) with the compo-
nent’s GPS.
The choice of measuring equipment,
environment, calibration strategy and
traceability of the evaluated parameters
can potentially contribute significant
uncertainty to the overall process. For
example, if old or poor-performing mea-
suring equipment is used for measuring
precise components, such as gears.
Compliance uncertainty. The uncer-
tainty contributions outlined above will
affect the decision process when results
are compared to the tolerance limits. To
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minimize the risk of accepting compo-

nents outside tolerance or of rejecting

components within tolerance, uncer-
tainty of each process should be used

to define working tolerance limits that

can be used by the shop floor during

manufacture.

In summary, we specify functional,
performance-based characterization fea-
tures which are measured, filtered and
evaluated with equipment of known
measurement uncertainty; this uncer-
tainty is considered when reporting com-
pliance or otherwise with a functional
specification.

Classical Gear Metrology
Methods

Since the development of early gear tol-
erance specifications (Ref.5), conven-
tional inspection involved the measure-
ment of individual gear parameters such
as single and cumulative pitch, involute
profile and helix deviations. Generally, a
single profile and helix trace (2-D line)
at mid-facewidth or tooth depth on 3 or
4 teeth spaced at 120° or 90° intervals,
and single pitch and cumulative pitch on
all teeth is measured. 2-D line methods
were adopted because they provided infor-
mation that can be used to modify the
machine tool set-up and reduce the devi-
ations. Tolerance values were primarily
defined based on machine tool manufac-
turing capability, rather than gear perfor-
mance. 1SO17485:2003 tolerance grades
for bevel gears (Ref.6) were identical to
1SO1328-1995 (Ref.7) tolerance standard
values for cylindrical gears, except that the
bevel gear tolerance grades were 1 grade

larger to reflect the additional difficulty
involved with manufacturing bevel gears.

These measurement methods are
sometimes extended to include additional
profile and helix 2-D line scans on a sin-
gle tooth (Fig. 1) to quantify variation
in profile and helix deviation caused by
the machine tool manufacturing charac-
teristic. Tolerances of evaluated param-
eters are usually applied uniformly to all
profile and helix measurements over the
tooth surface.

The helix and profile 2-D line devia-
tions are both evaluated by 3 parameters,
which for profile are evaluated between
the profile control diameter and tip form
diameter, and include the total deviation
F, the profile slope deviation fy,, and
profile form deviation f;,. The parameters
control the manufacturing processes and
affect the performance of gears, although
the correlation between gear performance
and these tolerance values in the ISO 6336
stress analysis standard (Ref.8) is not so
clear. ISO 6336 uses the ISO1328-1 sin-
gle-pitch tolerance to contribute to the
estimation of the dynamic load modi-
fication factor K,, which estimates the
increase in load caused by self-excited
dynamic effects. The effect of misalign-
ment caused by manufacturing deviations
is also considered, but the implementa-
tion is determined by the user.

Another method, commonly known as
topography measurement, is illustrated
(Fig.2). Multiple 2-D profile measure-
ments and single-helix line scans fully
characterize a single tooth flank surface
topography. Such results are usually only
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Additional 2-D profile and helix lines commonly referred to as twist measurement to
quantify common machine tool manufacturing characteristics.
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Figure2 Topography measured on a single
tooth combining a single helix
2-D line scan on each flank with
multiple profile 2-D line scans.

examined visually for damage and man-
ufacturing trends, because evaluation
parameters have not been developed for
this type of measurement.

In summary, the parameters evaluated
in both previous and current versions of
the ISO 1328-1 tolerance standard are
at best weakly correlated to gear perfor-
mance, and the link to KPIs such as con-
tact stress, scuffing risk and noise are not
properly established. Deviations in invo-
lute gear flank form from design intent
contributes to a number of potential fail-
ure mechanisms which can be considered
as KPIs for gears. These include:

Peak load intensity increase leading
to premature gear failure by tooth root
bending fatigue, flank contact fatigue by
macropitting or micropitting, and scuff-
ing failure.

Excessive noise and vibration resulting
from high dynamic loads (potentially caus-
ing premature fatigue failure of the gears).

Reduced reliability, efficiency and vari-
ability in product performance.

It can be imagined that the classical
3-form characterization parameters,
which include microgeometry correc-
tions such as tip relief and helix crown-
ing, applied to a tooth surface that is
misaligned and deflects elastically when
loaded, is unlikely to fully characterize
gear performance.

[www.geartechnology.com]



GPS-Compatible Revisions to

1S01328-1:2013

General. Although GPS strategies were
not adopted during the revision, a num-
ber of changes were introduced that are
compatible with GPS:

o Involute profile measurement requires a
minimum of 150 points equally spaced
along the profile length of roll.

Helix measurement requires a minimum
of 150 points (expressed as 5.b/Ag).

If waviness is to be checked, a mini-
mum of 300 points or 5/mm is
required.

A profile filter cut-off is defined as A=
L,/30, where L, is the profile length of
roll [mm] and the helix filter cut-off is
\s=b/30 where b is the face width [mm].
The filter is a Gaussian 50%, defined in
accordance with ISO/TS 16610-1 and
ISO 16610-21 —both of which are GPS
standards.

Evaluation methods to assess deliberate
microgeometry corrections to improve
functional gear performance.

These changes minimize the measure-
ment uncertainty caused by different
sampling strategies, which is particularly
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Figure 3 Change in profile parameters with
data spacing strategy for large
deviations with 480 data points.

sensitive where larger deviations from
involute form exist (Refs. 8-9). The results
in Figure 3 with significant deviations
resulted in fy, values of 14.0 um and
16.2 um for length of roll and radially
spaced data; deviation in form param-
eters f;, varies between 20.4 to 19.7 um,
and total form F, of 27.1 and 27.0 um.
These are significant differences in values
compared to the tolerance.

A comparison of 2-D profile data
requirements for wind turbine gears.
The EMRP ENG56 project consid-
ered the requirements of wind turbine
gearboxes and reviewed the ISO 1328-
1:2013 recommendations for filter and
data spacing, compared to the func-
tional impact on gear noise/vibration
and contact fatigue. Large wind turbine
gearbox drives commonly have 3 stages,
i.e. —low-speed 1st and 2nd stage are
often epicyclic gear arrangements and
the 3rd high-speed stage is a parallel axis
gear pair. The typical gear size (module)
depends on the detailed design, but it is
common to use around 18 mm, 16 mm
and 8 mm module gears for 1st, 2nd and
3rd stages, respectively. The length of
path of contact (L,) — that defines the
length of profile measurement for each of
these stages —again varies, but is usually
around 80 mm for the 1st and 2nd stages,
and 45mm for the 3rd stage. Face widths
are usually around 400 mm (Ist and 2nd
stage) and 200 mm (3rd stage) gears.

Noise and Vibration Frequencies
and Measurement Data
Requirements

Noise and vibration caused by gears dur-
ing operation is at tooth passing fre-
quency and its higher harmonics. 10x
tooth passing frequency (f,,,,=x10) are
not likely to cause significant problems,
and generally x5 or x6 tooth passing
frequency are common limits. Thus we

need to properly capture flank features
that cause deviations at or below these
frequencies. Assuming a minimum of 5
(n) data points to model each harmonic
of tooth passing frequency (for an FFT
analysis for example) the minimum data
spacing requirements in the transverse
profile are given in Equation 1.
data spacing [mm]:m @

Where:

L, profile length of roll [mm]
fmax tooth passing harmonic (relative

frequency)
n number of data points per frequency
&, gear transverse contact ratio

The required number of data points
in Table 1 for the wind turbine gears is
significantly less than the minimum of
150 specified by ISO 1328-1:2013. The
data density for 2-D helix measurement
on helical gears is not so critical for noise
and vibration because the line of contact
is inclined at an angle over the face width.

Contact Stress Modeling and
Measurement Data Requirements
The data spacing requirements for con-
tact stress can be estimated from the
Hertzian contact half-width (a). Under
normal nominal load conditions in wind
turbine gears, the Hertzian contact half-
width (a) varies between 0.35mm and
0.7 mm — assuming aligned and perfect
surfaces. Geometry features with a wave-
length of around the Hertzian contact
length will have a significant effect on the
actual contact stress.

Assuming the same minimum of 5 data
points are required for modeling invo-
lute profile shape over the Hertzian con-
tact length, the data density and num-
ber of measurement point requirements
are summarized (Table 2). The results
suggest we need approximately twice the
minimum requirement of 150 specified

Table 1 Profi
Profile length | Transverse | Data spacing Points per
Stage L, [mm] contact ratio §, [mm] profile length
1% (epicyclic) 18 85 16 1.06 80
2" (epicyclic) | 16 80 1.6 1.00 80
3" (gear pair) 8 45 1.8 0.50 90

Module | Profile length

Table 2 Data spacing and number of points based on contact stress modeling
Hertzian length

Data spacing | Points per

Stage m, [mm] L, [mm] [mm] [mm] profile length
1% (epicyclic) 18 85 0.7x2 0.28 304
2" (epicyclic) 16 80 0.7x2 0.28 285
3" (gear pair) 8 45 0.35x2 0.14 321
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in ISO 1328-1:2013. This is consistent
with the recommendations for waviness
measurement where a minimum of 300
points is recommended by ISO 1328-1.

Local contact stress is significantly
affected by smaller deviations at the sur-
face roughness and waviness level. It
could be argued that the profile form
measurement does not need to measure
features around the Hertzian contact
length, and that waviness and roughness
measurement methods using small 2 or
5um radius stylus or optical methods
are more appropriate. This depends on
the CMM and GMM probe system per-
formance, which is generally not veri-
tied by CMM or GMM users. If CMMs
and GMMs can detect waviness param-
eters which will characterize features that
affect micro-pitting, macro-pitting and
scuffing performance acceptably, then
waviness can be measured independently
of roughness.

2-D Helix Line Data Density

The inclined line of contact at the base
helix angle on helical gears is influenced
by both profile and helix form deviations.
ISO 1328-1:2013 recommends a mini-
mum of 150 points for helix measure-
ment and a minimum 300 points or 5
points/mm of facewidth, if waviness is
required. Table 3 shows that meeting the
minimum number of points for waviness
measurement requires significantly more
than 300 points. The helix data density
at 5 points/mm gives a similar density
to the requirements for involute profile
measurement, and this is appropriate for
contact stress analysis with CAD mod-
els. The data density resulting from the
150 minimum points provides sufficient
information to define load distribution

models.

1S0 1328-1 Filter Specification

The cut-off lengths for involute profile
and helix measurement, A, and A4, respec-
tively, are low-pass cut-offs that exclude
high-frequency deviations. The cut-off
lengths are specified as L,/30 and b/30
and examples for typical wind turbine
gear applications are illustrated (Table 4).

Other Considerations

A line of contact on a helical gear is
inclined at the base helix angle (B,) and
thus the effect of the attenuation of mea-
sured features used to model a tooth sur-
face is influenced by both profile and
helix deviations.

If the base helix angle (B,) is greater
than the Tan™ (Ao/Ag) from Table 4, the
highest frequency that influences geom-
etry modeling is limited by the profile
filter selection; conversely, if it is smaller,
the helix filter limits the geometry
frequency.

Example: 1S0 1328-1:

stress. Selected flanks were measured on

a Klingelnberg P65 at the UK’s National

Gear Metrology Laboratory. Three condi-

tions were tested:

« No filter, except a morphological filter
(5mm probe diameter) and mechani-
cal filtering from the P65 probe system
(unquantified).

» 1SO1328-1:2013 Gaussian filter defined
in accordance with ISO/TS 16610-1 and
1SO16610-21.

« A Klingelnberg 2CR filter. This
is the standard filter offered by
Klingelnberg — with a cut-off wave-
length A, of L,/15 and Ag of Ls/15—and
thus removes higher frequencies than
the ISOfilter. It provides an example
of an existing filter and illustrates the

Table 5 Test gear geometry

Filter Test Results and
Analysis

The sample measurement
results are from a ground
gear artifact with geometry
summarized in Table 5; a
5 mm-diameter probe was
used for these tests. Each
profile and helix evaluation
used 480 data points, which
is greater than the mini-
mum of 150 points specified
in ISO 1328-1 and consis-

Module m, 8mm
Profile length L, 32.33mm
Helix 8, 0°
Face with (b) 155mm
Involute profile A, 1.077mm
Helix A 5.166 mm
Profile data (n) 480
Helix data (n) 430
Tan™ (1,/,) 11.78°
o 154
e :'-l?‘il-._h
i 5 —
T
s :
E IEIS_ "-:
E :i’.__, %_ ! —— M- no filter
% :;.- ?._} j;l___‘ S !-_1_’ :I:r'\: Tapapmaian
3 558 > M- Snandand

3252151 4% 0 05 1

Klingetiberg Bltei

15 3 35 3
Hiakon Do il - pm

tent with the requirements

Figure 4 Helix results with different filters (Sample 1).

for the measurement of
features that will influence

for bending stress analysis with CAD  noise, vibration and contact o A .
8 e et
= o
Table 3 Data sampling requirements for helix measurement E :"".:_-3'?_ 13 =
. IS0 max data v = —
Module |Face width . IS0 number of odhath, SR - 8
S92 I, mm]| (o) [mm] | P2 f06 150 | poines at (5/mm) E o et .
W PETPRT - o
1n;(ep|_cyc||'c) 18 400 267 2000 $ = 4|T]
2" (epicyclic) 16 260 1.73 1300 k] et -HE-"": |  Gausstan (40
3" (gear pair) | 8 300 2.00 1500 _‘ii" D 13381 Flter
Ty ol e ook D
Table 4 10 1328-1:2013 filter cut-off length ST ' H i3
Profile Involute . &5 : =
Module Face (b) . Helix A 1
Stage length L, profile \, | Tan™ (A/A;)

m, [mm] [mm] [mm] [mm] [mm] b kg
1% (epicyclic) 18 85 400 2.83 13.33 11.98° 215 1 05 0 05 1 15 2 25 3
2" (epicyclic) | 16 80 260 2.67 8.66 17.14° Imeiute Gavistion -pm
3“(gear pair) | 8 45 300 1.50 10.00 8.53° Figure 5 Profile results with different filters (Sample 1).
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expected differences with the ISO filter.

2-D helix and profile measurement
results are illustrated (Figs.4 and 5, respec-
tively); a visual examination of the results
shows clearly the attenuation in high-fre-
quency content. The influence on the helix
and profile slope deviation, form deviation
and total deviation was <0.5 pum.

Some individual characterizing fea-
tures in the results have also been exam-
ined, and the findings summarized in
Table 6. The results show that typically
10% greater attenuation of feature trans-
mission with the traditional 2CR filter
compared to the ISO Gaussian filter. It
also shows that as A/A; or A/A, reduces,

the effect of the filter and feature ampli-
tude increases — as expected.

Table 6 shows that, based on the typi-
cal noise requirements and most contact
stress needs, the ISO 1328-1:2013 filter
requirements are reasonable and provide
a good platform to develop GPS mea-
surement strategies.

3-D Gear Flank Reconstruction
and Evaluating Parameters

Part of the EMRP ENG56 project was to
establish how many measurement scans
on a conventional GMM were needed to
characterize the 3-D surface geometry. A
2-stage Gaussian interpolation method

was developed (Ref.8), which shows that
a gear tooth surface could be accurately
generated from as few as 3 profile and
1 helix scans. The optimum number of
profile scans required depends on the
manufacturing process characteristic.
The method involves 5 steps:

o Select the number of profile measure-
ments to model the tooth surface (5 are
selected in the example in Fig. 6).

Fit a surface polynomial to the selected
profile and helix data (Fig.6), and then
subtract the surface polynomial sur-
face to create 5 residual deviation pro-
file scans.

Use these to synthesize the high-
frequency surface deviations using
Gaussian interpolation (Fig. 7).

Add the surface polynomial back to the

Table 6 Sample 1 feature attenuation ° - :
Amplitude [ym] synthesized surface from the previous
Profile/helix | Feature | FEAtUreM |\ oran, Gaussian step to reconstruct the tooth surface
[mm] 4 No filter filter 2RC filter (Fig.7).
_ A 10.68 2.06 2.33 1.90 (82%) | 1.65 (71%) o Test the sampling strategy by compar-
) =Igeil[lixmm B 21.68 4.20 17 1.38(81%) | 1.21(71%) ing the reconstructed surface to the
P C 7.12 1.38 0.67 0.56 (84%) | 0.44 (66%) high-density measured surface and
A 7.37 6.82 1.64 127 (77%) | 1.17 (71%) quantify the deviations (deviations in
Profile B 0.47 0.44 072 | 0.38(53%) | 0.35(47%) Fig.7 are x10 magnification).
A=.08mm C 0.67 0.62 0.58 0.21 (40%) | 0.15 (26%) .
D 152 219 118 0.91 (77%) | 0.83(70%) This process allows for the accurate

modeling of gear teeth surfaces and the

B e [

Pa] Do [mam | P [stsree | o r = Bl Lavsfrh |ove

Figure 6 Selected 2-D profile scans (left) for surface polynomial fitting (right).
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Figure 7 Residual form deviation after extraction of the surface polynomial and a comparison of the synthesized surface with

the measured surface.
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development of efficient GPS-compatible
measurement and evaluation strategies
based on functional KPIs required for
the gear application. The KPIs should
consider the gear geometry devia-
tions, microgeometry corrections, elas-
tic deflections and the sliding and roll-
ing speeds at the mesh, among other
requirements. This is only practical if the
actual measured gear geometry is used
in a TCA model to predict performance
and the TCA is validated by testing. This
approach has already been developed for
gear tribology modeling, and researching
the initiation and progression of micro-
pitting (Refs. 12-13).

GPS Implementation
Recommendations —General
Gear geometry measurement standards
should be part of the GPS matrix of stan-
dards. ISOTC60 WG2 should retain the
technical responsibility for standard devel-
opment, with appropriate support from
ISO Technical Committee TC213 dele-
gates. It is expected this process will take
10-15 years to implement. Specific com-
ments on the key ISO documents follow.

IS0 1328 -1: ‘ISO system of flank toler-
ance classification.’ Tolerance standards
are required for user guidance. The com-
pliance/non-compliance with tolerance
in accordance with ISO 14253-1 should
be optional. Measurement uncertainty
statements should accompany all mea-
surement results. Tolerance values should
remain unchanged. References to mea-
surement methods and minimum strate-
gies should remain with the GPS docu-
ment and not in a separate document.
In addition, datum surfaces should make
reference to ISO 5459.

ISO 18653: ‘Evaluation of instruments
for the measurement of individual gears’
ISO 18653 requires revision of measure-
ment uncertainty calculations to more
accurately account for uncorrected bias
from the comparator method. References
to ISO 10360, ISO 14253 (all parts),
ISO 15530 (all parts) should be strength-
ened. A review of artifact requirements
for the assessment of measurement
uncertainty and a strategy for using a
combination of uncalibrated and cali-
brated workpieces is recommended.

ISOTR 10064. ISOTR 10064-3:
Review and revise the TR for compat-
ibility with ISO 5459 datum surfaces and
datum systems; provide new examples.

ISO TR 10064-5. Update this by remov-
ing all but the ISO 14253-1 method
of defining limits and add the (trivial)
example where uncertainty is simply
stated; update and align with ISO 1328-1.
Removal of limits on alignment, runout
and probe gain where machine manufac-
turer’s recommendations take precedence.

Conclusions

The feasibility of the implementation of
gears into the GPS matrix of standards
has been carried out and the results con-
clude that this is practical, provided some
key issues related to measurement uncer-
tainty and establishing appropriate KPIs
are addressed. A review of the revisions
to ISO 1328-1:2013 concludes that they
are compatible with GPS strategies. Also,
the filter and data density requirements
for profile and helix measurement are
suitable for characterizing noise KPIs and
some contact stress KPIs. A method to
efficiently characterize the 3-D tooth sur-
face form has been developed, with the
specific intention of using the data in
gear TCA models.

The development of a holistic
approach to gear specification, measure-
ment, modeling of gear performance,
and validation by testing is a necessary
requirement for implementing GPS
measurement strategies. 10;
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