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Abstract

Gears play an important role in mechanical power transmission systems. They enable the
prime mover characteristic (a gas turbine for example) to be matched to the characteristic
of the driven load (say, a slow speed propeller), thus reducing the cost of both
manufacturing and operating the system. The customer requirements for higher power
density and lower noise demands more accurate gears. This imposes more stringent
requirements on the measuring equipment that controls the quality of the manufacturing
machines. Many gears have flank form and tooth spacing tolerances that are less then
10um, and according to the so called ‘Golden rule’, measuring equipment on the shop
floor should have a measurement uncertainty of between 1 to 2um. These are stringent
requirements that demand the highest standards of metrology. Thus the need to
accurately quantify the measurement uncertainty of inspection machines i1s of paramount

importance 1f costly mistakes are to be avoided.

The work reported 1n this thesis was completed as part of the activities undertaken by the
author 1n his role as head of the UK National Gear Metrology Laboratory (NGML). The
laboratory is accredited by the Unmited Kingdom Accreditation Service (UKAS) for gear
measurement and on-site calibration of gear measuring machines. The work is mainly
experimental in nature. In fact, much of what is reported is centred on work undertaken
with two artefact sets: one set consisting of 100mm diameter lead and profile artefacts
and a second set of 200mm diameter artefacts. These gear artefacts are probably the most
valuable in the world because of the volume and quality of the calibration data associated

with them.



The work undertaken has included:

e A review of gear measurement methods, identifying sources of error in the
measurement process and quantifying their effect on the gear measurands of
profile and helix (total, slope and form error parameters) and also adjacent and

cumulative pitch errors.

e An evaluation and re-interpretation of an industrial measurement capability
survey, quantifying achievable performance, typical instrument capability and
identifying the cause of some of the excessive instrument errors. The analysis

also revealed some limitations in the testing method employed.

e Research into the international compatibility of gear measurement by National
Measurement Institutes (NMIs) from the UK, Germany and USA. The analysis
showed ‘generally’ good compatibility between NMIs, well within their claimed
measurement uncertainty. In the case where differences were considered
significant, clear causes were identified. However, the work concluded that

uncertainty estimates from the NMlIs are probably pessimistic.

e An implementation of the classical measurement uncertainty methods defined by
the ISO ‘Guide to the expression of uncertainty in measurement’. Uncertainty
budgets for all gear parameters defined in ISO 1328-1, 1995, have been

developed. Limitations of this procedure are discussed.

e An evaluation of standard comparator methods of estimating measurement
uncertainty defined in ISO 18653 and the British Gear Association (BGA) ‘Codes
of practice’. Limitations with these processes are quantified by comparison with
the uncertainty budget method and recommendations are made to revise and in

some cases, withdraw the documents.

e A limitation that has been i1dentified during this programme of work is that current
methods of estimating measurement uncertainty are based on evaluated
parameters, including form and total errors parameters. These parameters are
insensitive to the position of errors and thus may induce an apparent overestimate
of uncertainty when using the comparator method. A programme of work to
develop a data point by data point comparison on an error curve was implemented

following work undertaken with a Japanese Double Ball Artefact.
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e The point by point calibration method was developed further by evaluating data
supplied by the Physikalisch Technisch Bundesanstalt (PTB), Germany in a
preliminary study to establish traceability using this method. The initial work
indicated this is a viable method and it was further developed with the aid of a

Monte Carlo Simulation to model the measurement process.

e A series of conclusions and recommendations complete the work programme.

Like all research programmes, the work poses more questions than answers.
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Chapter 1

INTRODUCTION

Gears are important elements that are an integral part of most mechanical power
transmission systems. Their primary purpose is to maximise the efficiency of the overall
power transmission system by converting speed and torque into more usable quantities,
depending on the requirements of the system. They are thus important parts in any
modern power transmission system where minimising operating costs and reducing
environmental impact are important requirements. Initially, gears were little more than
simple wooden pegs attached to a wheel and transferred low power. An early widespread
application of geared transmission systems were in water mills. In the Domesday book (of
1086), there were recorded 5624 water driven mills using oak wheels and elm pinions
[Lacey]. It was a classical gearing application: high-speed millstones are required for the
efficient milling of wheat and barley, whereas the water wheels that provide the power
operate most efficiently at low speed. The transmission systems that were developed
allowed the low speed water wheel to transmit rotation through a speed increasing gear
drive thus permitting the millstones to rotate at their most etficient speed. An additional
benefit in this arrangement was that the milling stones could now be located adjacent to

the river thus improving the ease of delivery of wheat and barley and the subsequent

retrieval of the flour.

Modern transmission systems have the same basic elements as the early gear applications.
The driven system may be a generator, conveyer, pump or propeller that will have its own
operating characteristic with an optimum operating condition for maximum efficiency and
minimum cost. The driving system, or prime mover, such as gas or steam turbine, electric
motor, wind turbine, or combustion engine will also have its own operating characteristics
and have an optimum operating condition that works most efficiently. The purpose of the

gearbox is to match the characteristics of the driving system with the characteristic of the
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driven system and thus optimise the efficiency and reduce the cost of the overall system.
For example, a Wind Turbine driving a 1MW generator rotating at 20rev/min is
prohibitively large and expensive, but a 1MW generator rotating at 1500rev/min or

3000rev/min is smaller, lighter and more economical to manufacture and maintain.

After a gear is designed, specified on a drawing and manufactured, it is necessary to
measure its geometrical accuracy. Standard measurement processes are applied and the
results from the analytical measurement process are analysed to verify the component
complies with 1ts accuracy specification. Geometry errors influence the load capacity, life
expectancy and noise levels of a gear set during service so it is important that they
conform to the designer specification. During this analysis process, an experienced
metrologist should question the validity of the measurements results. Have any mistakes
been made? Are the results accurate? How accurate is the measurement process? Has
the accuracy ot the measuring instrument been tested? How confident are we in the

results obtained from this measurement process?

Compliance with an accuracy specification i1s an important issue for any gear
manufacturer. The financial risks to the manufacturer are significant if customers have no
confidence in the ability to measure and thus control the quality of the manufacturing
process. However, a gear measurement result provided without a traceable statement of
1ts ‘measurement uncertainty’ 1s incomplete and it not possible to make reliable decisions
regarding fitness for purpose. Manufacturers risk losing credibility and income if their
components are outside specification. Whilst there has been much theoretical work
undertaken on the statistical nature of measurement uncertainty estimation processes, little
of it has been applied to the unique application of gear measurement. This apparent
shortcoming has inspired the author to undertake a programme of work to develop an

appropriate and robust procedure to address the needs of gear manutacturing industry.

1.1 Scope of the research

Accordingly, the following research hypothesis directed this programme of work:

Is it possible to develop a systematic and quantifiable measurement uncertainty procedure

applicable to the gear measurement process?



Gear measurement involves scanning the surfaces of high accuracy and geometrically

complex components, at relatively high speed 1n a shop floor environment. Thus, they

provide very difficult challenges for a metrologist. The specific objectives of this

research are to:

° Undertake an in-depth review of existing and accepted measurement uncertainty

procedures applied to the gear measurement process.

. Design and apply systematic measurement uncertainty evaluation procedures to gear

measurement.

. Test the procedures on a range of instruments including shop floor installations and

those found in national laboratories.

. Carry out a detailed analysis of the results to recommend:

O

suitable statistical procedure for estimating gear measurement uncertainty.
appropriate methodology for gear artefact design.

revision to ISO and other internationally accepted documentation, where

appropriate.

the direction of future research into gear measurement necessary to provide

support for the ongoing needs of both gear manufacturers and gear users

in the UK.

1.2 Layout of Thesis

The research work presented in this thesis was completed over a number of years by the

author as part of his role as Head of the UK National Gear Metrology Laboratory. This

has afforded a unique opportunity to review and apply statistical measurement uncertainty

procedures to a wide range of instruments in an equally wide range of environments.

Chapter 2 provides some background describing the purpose of gears in transmission

systems and introduces the common gear measurement processes. It explains why the

involute gear shape is the most common form of gear used. A discussion on the influence



of gear accuracy on performance, quantified using standard stress analysis procedures in
accordance with ISO 6336. The reduction in contact stress has been quantified further
using a FE mesh model and tooth contact analysis (TCA). It describes the parameters
measured (and evaluated) on gears with specific reference to ISO 1328. It introduces the

principle of measurement traceability and the UK traceability structure.

Chapter 3 reviews the development of gear measuring instruments from the earliest
Instruments in the 1920s through to present day. A discussion of the benefits and
limitations of different measuring instruments is included. It defines good measurement

practice and reviews the sources of measurement error (measurement uncertainty) with

the guidelines in ISO TS 14253-2.

Chapter 4 discusses some of the standard measurement uncertainty models used in
dimensional metrology applications. The review contains reference to some of the key
texts that provide the foundation for uncertainty evaluation methods for classical
(frequency based) statistical methods, the so-called ‘robust methods’, Bayesian
approaches and Monte Carlo Simulation methods. A description of different methods of

establishing traceability 1s included.

Chapter 5 applies the simple comparator method for evaluating measurement uncertainty
in a survey of industrial instruments in the UK. It describes a method of determining a
reference value using the weighted mean from the survey results (using a similar method
to those applied to Key Comparison Reference Values). Comparisons of reference data
from National Measurement Institutes (NMIs) are reviewed. Some of the differences

identify flaws in the survey procedure and stability problems with some of the artefacts

used for the survey.

Chapter 6 describes the results from the first international comparisons of gear
measurement capability of helix and profile errors arranged by the author and presents
some results of a pitch measurement comparison arranged by the USA. Differences
between NMIs demonstrate excellent compatibility but this may simply indicate that the

uncertainty estimates provided by the laboratories are pessimistic.

Chapter 7 describes the application of the classical uncertainty evaluation methods in
accordance with the ISO guidelines and provides uncertainty estimates for all the
evaluated measurement parameters defined in ISO 1328. Although this method is

probably flawed, it is the reference method for evaluating the procedures described in
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ISO 18653 and the BGA codes of practice for gear measurement. It recommends changes
to these documents and limitations on their application. However, it observes that

because these processes appear to over-estimate measurement uncertainty, all the methods

described may be considered validated by these test results.

Chapter 8 identifies some flaws in the so called ‘parameter based’ method of evaluation
and describes a series of tests performed on a range of artefacts using individual data
points from helix and profile measurement data to quantify errors in the measurement
process. It describes a development to include an initial comparison with PTB, Germany
to establish traceability. A Monte Carlo Simulation of the measurement process further

explores the benefits of this approach for establishing traceability.

Chapter 9 discuses the work undertaken, summarises the conclusions reached and makes

recommendations for further research work.



Chapter 2

GEARS AND GEAR MEASUREMENT

There are two of different types of geared systems that are in regular use in power

transmission systems:

o Parallel axis or cylindrical gears. These are generally spur or helical involute gears as
illustrated in figure 2.1 and are the most commonly used gear form, and arguably the

most developed and researched.

e Cross axis gears. These can be straight or spiral bevel gears, worm gears, hypoid
gears, spiroidal gear types. They differ from cylindnical involute gears mainly
because the geometry of the gear depends on the manufacturing method and supplier

of manufacturing equipment. For this reason, standard analytical measurement

techniques are not as developed as cylindrical involute gears.

The work in this thesis is primarily concerned with involute spur and helical gears,

although many of the principles can be applied to other gear types.



Figure 2.1 Involute helical gears in a marine propulsion drive.

2.1 The involute gear form

Involute gears are named after the involute curve that forms the active part of the tooth
flank form and 1s 1llustrated in figure 2.2 (the involute is the shape of a curve formed by
unwrapping a cord from a circle). They were developed in the early 1900 but became

widely utilised because of a number of important properties:

e They were easy to manufacture. A single involute cutter can ‘generate’ gears with
any number of teeth. Other tooth forms also use the generation process but they

require a specific cutter for a particular number of teeth which significantly increases

tooling costs and delivery times.

e Involute gears are insensitive to changes in shaft centre distance; so mounting and

assembly is easier than for other tooth forms, however they must still be aligned

parallel for good load distribution.

e Involute gears can be made to suit varying centre distance by applying an ‘addendum

modification’ or ‘rack shift’ to the basic geometry.

e Involute gears are relatively easy to measure. The first measuring instruments were
available for the accurate measurement of involute gears in the 1920s [Rolt]. Bevel

gears and worm wheels could not be measured using analytical methods until the



early 1980s after the development of the Co-ordinate Measuring Machines (CMMs)

and Computer Numerical Control (CNC) dedicated gear measuring machines.

Figure 2.2 Involute curve [Kohler, 1989]

2.2 Involute gear measurement

There are two methods of measuring involute gears:

e Composite methods that measure the composite effect of tooth flank form and spacing

errors, and

e Individual methods that measure individual parameters on selected gear teeth of lead

(helix) or tooth alignment, profile or involute form and pitch or tooth spacing errors.

The limitations and benefits for these are discussed in more detail in the following

sections.

2.2.1 Dual flank composite measurement

Dual flank or roll testing of gears involves rotating a product gear with a master gear in

tight mesh (under a light spring force) and measuring the resulting change in centre

distance as the gears are rotated (see figure 2.3).

Geometrically perfect gears, mounted concentrically to the datum axis, will rotate without
any effective change in centre distance. Errors in tooth thickness, involute form, tooth
alignment (sometimes known as helix error) and pitch (spacing) errors will increase the
effective tooth thickness and thus increase the close mesh centre distance. The change in

centre distance is recorded and plotted as a deviation from a straight line, as shown in



figsure 2.4. The benefits and limitations of the composite measurement process are

summarised in Table 2.1.

1. Master Gear
2. Product gear

3. Moving Platen

4. Indicator or LVDT to
measure change 1n

centre distance.
5. Fixed platen
6. Measurement direction

7. Flexure

| $gi 8. Pre-load spring

Figure 2.3 Dual flank measurement principles

Theoretical size line (zero backlash)
Minimum Maximum
radial radial

backlash backlash
Centre distance
variation
(+ material A

o Ao
r
One revolution of product gea '

Figure 2.4 Dual flank measurement result format illustrating the evaluated parameters

[Munro, 1989]



Table 2.1 Benefits and limitations of the dual flank composite method

The total active flank is checked on all the | Can be difficult to identify the cause of an

error €g. lead and profile errors give the same

teeth .

error on the trace.

Detailed knowledge of the geometry is not | Designed departures from the involute eg tip

required. relief and lead correction, cause deviations
when tested under very low load. It 1s then

difficult to identify true errors from the

deliberate deviations.

Require a master gear which 1s at least 3

The technique can be very fast (typically less

accuracy grades better than the measured

than 15 seconds) and can be automated.

product gear, thus limiting most applications

to product gears of ISO accuracy grade 6 .

It 1s not a functional check - indexing errors

It 1s excellent for detecting damage to teeth

on gear can not be measured with this

because the whole tooth surtface is tested.

technique.

It is the best method for measuring the size of | High discrimination clocks or probes are

necessary to accurately measure the gear

a gear. (The centre distance can be set with

errors at normal measurement speeds.

gauge blocks for absolute size measurement).

It 1s the only method for checking fine pitch | It is recommended that a chart recorder is

gears where standard measuring probes are | used to keep a permanent record of the

too large. measurement.

Traceability of instrument calibration can not

It can be adopted to measure crown height

and lead errors on specially adapted [ be established by the simple comparator

method.

automatic machines.

The equipment is much cheaper than lead,

profile and pitch measuring instruments.
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2.2.2 Single flank composite measurement

Single flank measurement or transmission error measurement is a functional test of the
kinematic accuracy of a pair of gears or, if required, a complete gearbox assembly. This is

shown 1n figure 2.5.

Z1=Driving Gear Z2=Driven Gear

Multiplier
&y

Divider Phase comparator
Iy

Figure. 2.5 The principle of Single Flank Measurement [Munro 1989]

Transmission error (TE) 1s defined as the error in angular position of the driven gear
compared to its theoretical position if the gears were geometrically perfect. A typical
error trace is similar to the dual flank trace in figure 2.4 except that the suffix (") is
replaced by suffix (') to denote the difference in the error terms. This method is often
used when the geometry of the gears is too complex for analytical measurement, the
kinematic accuracy of the gears 1s critical (eg. an indexing table) or if kinematic errors
from the manufacturing process are present. Some advocate its use for predicting noise

but the results are only valid for torque applied during the test [Smith, Munro].

A typical Single Flank error trace and Fast Fourier Transform (FFT) analysis is shown in
figures 2.6 and 2.7 respectively. The method is invaluable for identifying errors in the

11



manufacturing process that can cause excessive noise and vibration levels The benefits

and limitations of the process are described in Table 2.2.

Table 2.2. Benefits and limitations of the single flank measurement method

Checks all the teeth in the same manner in | Can be difficult to identify the cause of an

which the gear will operate, thus it is a truly

functional test.

It allows gears to be tested without detailed

knowledge of the geometry.

The technique can be applied to complete

transmission systems including hobbing

machines and gear measuring machines.

Subsequent analysis of the single flank error
trace by FFT techniques are useful for noise

investigation and identifying the causes of

error 1.€. lead and profile errors produce the

same deviation on the TE graph.

Acceptance/rejection criteria 1s normally

defined by the individual company and

specific application.

Designed departures from the involute eg. tip

relief and lead correction, cause TE when
tested under nominally zero load conditions.

It 1s difficult to identify true errors from

‘design deviations’.

When testing under loaded conditions 1t 1s
difficult to 1solate errors 1n the test instrument

from errors in the test gears A variable speed

production errors. drive 1s necessary for this to eliminate

r1ésonanccs.

Although flank

measurement technique 1s very powerful,

The technique is fast when used to check the quasi-static single

product gears.
there have been very few developments in
equipment or use of the technique during

recent years.

It is excellent for picking up damage to teeth

as the whole tooth surface is tested.

It can be used to identify phantom tones

produced by machine elements in the gear

manufacturing machines.

12




Composite Transmission Errors [um] / left flank

0.00 . .50 75 1.00
Revolutions [Driven Gear)

Figure 2.6 Example of a single flank error trace showing the composite single flank

error for a 30 to 79 tooth gear mesh. (The graph shows deviations over 1 revolution of the

79 tooth wheel).

Spectrum (Deviations / Rectangular / left flank)
4.00

um

150RR
Phantom

3.00

Tone

2.00

|
1.004 i

- . i

| = 1
102 .4 153.6 204.8 296.0
Number of periods per RR (RR: 1.00)
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Figure 2.7 The Fast Fourier Transformation of the composite error shown in figure 2.6 is

more revealing. The tooth passing frequency at 79RR and its 2™ harmonic at 158RR are

shown clearly. A Phantom Tone at 150RR is shown which is from the grinding machine
150 tooth rotary table worm wheel.
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2.2.3 Measurement of individual error parameters

The individual or analytical measurement of gear parameters involves the measurement of
helix (lead) errors, profile errors, pitch errors and tooth thickness. These are parameters

that affect the function of the gear and can be analysed, controlled or adjusted during the

manufacturing process.

The measuring instrument comprises either 3 or 4 axes to position a measuring probe at
the theoretical profile or helix position using either a base-disc and mechanical slides or a
CNC control system. The probe usually measures by scanning over the flank surface and
records the difference between the theoretical gear geometry and the actual geometry of
the flank being inspected, as illustrated in figures 2.8 and 2.9, respectively. In figure 2.8
the gear is rotated and the stylus 1s simultaneously translated across the gear flank from
root to tip (shown at 3 positions for the tooth flank inspected). Deviations from a true
involute curve deflect the stylus producing plus or minus metal deviations. The

measurement method 1s 1dentical for spur or helical gears.

stylus

straight edge

base circle

flank line

Figure 2.9 The lead or helix measurement principle [Klingelnberg].
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Figure 2.9 illustrates the measurement of helix or lead error. The stylus is moved down

vertically as shown and the rotary table (on which the gear is mounted concentrically) is

simultaneously rotated to generate the theoretical helix. Deviations between the

theoretical helix and actual helix deflect the stylus resulting in plus or minus metal

deviations from the theoretical helix angle

—

Py

Figure. 2.10 Pitch measurement using an angular encoder as a datum measures the

pl tch

deviation between theoretical flank spacing and actual flank spacing [Klinglenberg].

Pitch measurement is carried out using a CNC machine with an angular reference, such as
an angular encoder on a rotary table. The angular position error ot the teeth 1s measured

relative to the angle encoder with a probe, as illustrated in figure 2.10.

The benefits and limitations of the analytical or individual measurement method (in

comparison to the composite measurement method) is summarised in Table 2.3.

15



Table 2.3. Benefits and limitations of the analytical error measurement method

The errors can be easily analysed, although it | The measurement method is quite slow for

1s a skilled job if not carried out | one off measurement (much data is necessary

automatically by a computer. to measure the gear correctly).

The causes of errors can be identified by | The complete tooth surface is not checked -

carefully interpreting the results. damage, nicks or burrs may go unnoticed.

The departures from involutes such as tip | Not all the teeth are checked, and if they are,

the process is slow and interpretation
difficult.

reliet can be quantified with respect to the

design profile.

Measuring equipment 1s generally more | Detailed knowledge of the gear geometry is

accurate than the composite methods of | required.

measurement so more informed and accurate

decisions can be made with this method.

It can be difficult to check fine pitch gears

High accuracy gears may be inspected with

acceptable measurement accuracy. (1.e. <0.5mm module ).

Once the data is programmed on a CNC | In high volume environments it is too slow to

machine, the measurement process is quite | check every gear manufactured.

fast (4 to 10 minutes on a CNC machine or

10 to 30 minutes in a manual machine).

Analytical measurement method

Analytical gear measuring instruments are usually dedicated CNC ‘gear checkers’,
manual gear checkers or general purpose CMMs with gear measurement and analysis
software. The instruments measure the geometry of a gear with respect to the theoretical

reference gear geometry. Deviations from the reference gear geometry are errors in the

gear.

16



It 1s not practical to check the whole tooth flank surface of all the teeth in a gear for
geometric accuracy because it would be too time consuming. Instead, only a sample are
measured as described in the BGA (British Gear Association) codes of practice for

inspecting gears. The recommended procedure is to measure:

o 4 teeth, spaced at approximately 90° intervals , on both left and right flanks for
alignment (helix) accuracy.

o The same 4 teeth for profile accuracy at the mid face width.

e Spacing errors of all teeth, including adjacent pitch error (the error in spacing between
consecutive flanks of teeth) and cumulative pitch error (the error in spacing between
any teeth in the gear). Cumulative pitch is calculated by summing the adjacent pitch

errors. These are measured at the mid-face and at mid tooth depth.

¢ Radial runout of the tooth space is the equivalent of the variation in radial position
that a ball takes when placed in a tooth space and is often computed from the pitch

results.

¢ Tooth thickness measurement on CNC or CMMs with gear inspection software.

The measurements are analysed and compared with an accuracy specification which
should be unambiguously defined on the gear drawing. If any single error is outside its
tolerance, the gear has failed its accuracy specification. Most accuracy standards use
manufacturing machine capability as basis for defining the parameter rather than

influence on load distribution or transmission error, for example. The parameters

evaluated for each measured feature are described below.

Profile parameters

An example of a profile measurement result for a single tooth tlank 1s shown in figure
2.11. The complex involute curve measurement has been plotted such that deviations

from a straight, horizontal line are errors in the involute form.

ISO 1328-1, 1995 analyses the graphical profile result using the following parameters :
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Total Profile error F, or F; (this parameter is mandatory)

Profile least squares fit slope fyo (this parameter is optional)

Profile form error fi, or f; (this parameter is optional)

The value for each of these parameters is analysed for every measured profile. The

largest value measured is used to determine the accuracy grade of the gear. Deviations

are usually measured in um.

Figure 2.11 Profile parameters evaluated in accordance with ISO 1328-1, 1995.

Lead (helix) measurement

An example of lead (helix) measurement results from a single tooth flank is shown in
figure 2.12. The deviations from a straight horizontal line are errors in the lead (helix).

[SO 1328-1,1995 analyses the graphical result using the following parameters :
Total helix or alignment error Fg (this parameter is mandatory)
Helix or alignment least squares fit slope fyg (this parameter is optional)

Helix or alignment form error fg (this parameter is optional)




Figure 2.12 Lead (helix) parameters evaluated in accordance with ISO1328-1, 1995

The value for each of these parameters 1s analysed for every measured flank. The largest
value measured 1s used to determine the accuracy grade of the gear. Deviations are

usually in measured in pum and the parameter symbols are the same as profile parameters

accept the (a) for profile is replaced by a (B) for helix.

Pitch error parameters

Figure 2.13 illustrates the adjacent pitch, cumulative pitch and radial runout errors for all

the teeth, on both left and right flanks. The parameters evaluated are :

adjacent pitch f; : the deviation in pitch or spacing between successive adjacent flanks

(the largest value on the left flank and right flank is tabulated)

cumulative pitch F, : the summation of adjacent pitch errors and the highest to lowest

point on the cumulative pitch chart for left and right flank 1s evaluated

radial runout of the tooth space F, : usually calculated from pitch measurement results

rather than measured directly and the highest to lowest point of the radial runout error

trace is evaluated.

Deviations are measured in pm at the measurement diameter. The largest value measured
on the flanks is used to determine the accuracy grade for each parameter measured. The
accuracy grade of the gear 1s determined by the lowest (least accurate) grade evaluated.
The upper part of figure 2.13 1llustrates adjacent pitch errors which are the spacing errors
between successive adjacent pairs of teeth. The lower part of figure 2.13 illustrates the
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cumulative pitch error chart which is formed by “accumulating’ the adjacent pitch errors

and measuring the range of the resulting chart (highest point to the lowest point).
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Figure 2.13 Adjacent pitch and cumulative pitch parameters measured at a designated

diameter in a transverse circular plane.[Munro,1989]

Tooth thickness

Normal circular tooth thickness cannot easily be measured directly when a gear 1s in the
process of manufacture so alternative indirect method are used such as the, dimension
over rollers (or balls) or span over a number of teeth. Tolerance values should be

specified on the drawing and limits can be applied in the evaluation software.

Definition of left and right flanks

Figure 2.14 defines the left and right flanks in accordance with ISO notation specified in
ISO/TR 10064.
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Figure 2.14 The definition of left and right flanks in accordance with ISO/TR 10064-1

2.3 Gear accuracy standards

There are several standards that specify allowable tolerances for parameters defined in the
previous section. The standards have much in common and although there are many
obsolete standards in daily use, many Standards authorities are using International
Standards Organisation (ISO) standards as the foundation for national standards and for

this reason only the ISO accuracy standards [ISO 1328-1:1995 & ISO 1328-2, 1997] will

be used 1n this thesis.

The ISO 1328 accuracy standards define a consistent set of helix, profile and pitch
tolerances for a range of accuracy grades. They are guidance documents only and the
individual designer may select different tolerances if appropriate. Accuracy grades are
numbered from 1 (for very accurate gears) to 12 (lowest accuracy gears). The tolerances
for lead, profile and pitch parameters are defined in the Standard for a grade 5 gear. The
tolerances for each successive grade are calculated by multiplying (or dividing) the

tolerance formula by V2. The tolerance formula are defined in ISO 1328 parts 1 & 2.

Unlike its predecessors, ISO 1328-1 allows for the deliberate departures in profile and
helix shape from the nominal involute shape that is required to allow for elastic deflection
of workpieces under normal operating torque and random geometrical errors caused by

manufacturing and assembly tolerances. This feature is welcome from the designers view
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point but produces additional complications in interpreting results, as will be discussed in

later chapters.

2.4 The influence of gear accuracy on gear performance

The geometrical accuracy of a gear has a direct influence on both the load carrying
capacity and the noise levels generated during operation. A high accuracy gear can
transmit higher loads because the load distribution across the face width is improved and
vibration 1s generally reduced if appropriate corrections are applied. For a given load
torque, the volume of the gear can be reduced and thus the power density increased. As a
first approximation, the volume of the gearbox is proportional to manufacturing costs,

thus for a given manufacturing strategy, high accuracy gears reduce the cost of the

gearbox manufacture and improve competitiveness.

Effect of gear accuracy on gear failure modes

The common ways in which gears {fail are:

e Bending stress failure, where a fatigue crack propagates from near the root of the

gear tooth eventually leading to breakage of the tooth.

e Pitting failure due to excessive contact force. The failure occurs on the active flank in
the form of pits, of size 0.2 to Smm or greater, that appear to initiate from the surface,
propagate parallel to the surtace of the flank before they turn and head back to the

flank surface leaving a crater or pit.

e Spalling, in case hardened gears, in which the sub surface fatigue crack 1s initiated

and travels along the case-core interface and un-noticed until a large area of the flank

breaks away.

e Scuffing failure occurs by excessive contact pressure causing the lubricant film to
break down and allowing the gear teeth surface asperities to contact and
instantaneously weld together, betore being torn apart as the gears continue to rotate.

This type of failure mode 1s very difficult to predict but is definitely influenced by

gear geometry €rrors.

e Micro-pitting or ‘grey staining’ is a more recently identified failure mode that at

present is not easy to predict. It 1s a type of pitting failure in which the pits are
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typically 0.005mm deep. The causes have been attributed to a change in the base oil
used to lubricate gears and improvements in steel composition and. Sometimes the
pits stop propagating and the effect is self arresting but in other situations further pits
are developed that produce a wear type of mechanism. This can lead to surface
initiated bending type failures. It is the opinion of the author that this is not fully

understood but it is known that geometry errors, surface finish will influence how it

initiates and develops.

Methods of predicting pitting or bending failure modes are well established and published

in the ISO 6336 series of standards. A quantitative relationship between the occurrence

of scutfing and micro-pitting failures has yet to be developed and published in ISO

standards.

[SO 6336 parts 2 and 3 contains calculation procedures to predict the likelihood of failure
of a defined gear pair for pitting or bending failure modes. This is expressed as a Safety

Factor, SH, for contact stress and SF for bending stress. A SH of 1.0 is considered

acceptable for contact stress and a SF of 1.4 for bending stress.

—o— Crowned Contact Safety Factor
—#— Crowned Bending safety Factor

a | } s — | —&— No Crown Contact Safety factor [
> s —*— No Crown Bending Safety factor

Safety Factor
//

0.5 ST AR _

3 4 5 6 7 - 9 10 11 12
Accuracy Grade (ISO 1328 )

Figure 2.15 The relationship between bending and contact stress safety factor and
accuracy grade using the ISO 6336 procedure on a 20 tooth pinion.
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The relationship between contact and bending stress Safety Factor is illustrated in figure
2.15. This shows that as accuracy is reduced the safety factor also reduces with an
approximate linear relationship for grade 6 gears and below. The safety factor is difficult
to define quantitatively [Myers, 2001]. It does not imply that gears with a contact stress
safety factor, SH, of 1 or greater will not fail during the defined life for the application. It
merely states that for many applications an SH of 1 is found to be acceptable. Some
particular applications may show that they require a lower or higher SH to achieve
acceptable performance. Specific applications still require the user to define the

requirements when particularly arduous applications are encountered.

The relationships illustrated in figure 2.16 probably underestimate the influence of
accuracy on gear load carrying capacity. ISO 6336 was developed over a period of forty
years and the satfety factors are based on a calculated stress, which uses gear accuracy and
mounting accuracy as part of the calculation procedure and estimate an assumed
permissible stress. The permissible stress values are set according to geometry factors,
material factors and test data for gears of around 3 to Smm module. For example, the
method calculates contact stress at the pitch circle diameter. There are many instances
where flank contact stress 1s probably higher, and these values are more sensitive to gear
geometry and in particular its detailed micro- specification and errors. Other analysis are
possible and have been developed over the last 40 years [Kohler, 1959, Munro, 1962,
Haddad]. The Design Unit developed DUGATES (Design Unit Gear Analysis for
Transmission Error and Stress), a 3D Finite Element based Tooth Contact Analysis
(TCA) that estimates the contact and bending stresses and also calculates transmission

error for a given geometry, micro-geometry , load and system stifiness [Hofmann].

DUGATES was used to analyse the contact stresses and bending stresses in 4.5mm
module gears for testing micro-pitting initiation with different micro geometry
specification and errors. The geometry of the gears is summarised in Table 2.4. The
gears were divided into two groups with different micro geometries. The first group used
a traditional micro geometry strategy: no helix crowning, with 70um linear tip relief over
20% of the active length of roll. The second group were further optimised to minimise
the peak contact stresses and improve the insensitivity of the gears to alignment errors.

The resulting micro geometry was, 20um of helix crowning, 70um parabolic tip relief

extending over 27.8% of the active profile length.
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Table 2.4 Macro test gear geometry.

Symbol
Z 33 34

Teeth
Module M, 4.5mm
Pressure Angle o 20.0°
Helix Angle f3 19.578°
Profile Shift X 0.0
Face Width b 44.0mm
Tip Diameter da 166.61mm
Centre Distance a 160.0mm
Contact Ratio €q 1.545
Overlap Ratio €g 1.043
Tip Sliding Factor | K, 0.270

The results from the DUGATES analysis are summarised in Table 2.5 which shows the
maximum contact stress and transmission error (TE) for the two groups for 0 and £15um

alignment error.

Table 2.5 Maximum contact stress variation and TE with alignment error and relieft

strategy.
Crown | Alignment error TE Contact Stress
Strategy ,
[um] [um] [um] [N/mm’]

1967
2022
2054
1730
1754
1758

1.4
2.0
1.7
1.3
15 -15 2.0
1.2

Standard

<+ '
— .i-. _—
h Wh )

Optimised

Table 2.5 shows that although there is no significant change in TE between the two
design strategies, there is a significant reduction in predicted contact stress by an average
of 13% (from 2014 N/mm° to 1747 N/mm?). This is a significant reduction in stress (or
potential improvement in load carrying capacity) and can be achieved at no additional

manufacturing cost. Furthermore the optimised design is less sensitive to alignment

2

errors with a variation in maximum stress of 28 N/mm” compared to the standard design

strategy with a variation of 87 N/mm’. This is shown graphically with contact stress plots
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taken along three lines of contact (at the start of involute action, end of involute action
and through the pitch diameter at the centre of the facewidth) in figure 2.16 for the
standard gears and figure 2.17 for the optimised gears. This illustrates how susceptible
most designs are to alignment errors caused by gear manufacturing or assembly errors

and also how these can these can be minimised by careful design optimisation and

analysis.
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Figure 2.16 Contact stress plots across the face width of the standard design with 15um

alignment error. (These are example lines only and do not show the maximum stress).
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Figure 2.17 Contact stress plots across the face width of the optimised design with 15um

alignment error. (These are example lines only and do not show the maximum stress).

2.5 Calibration and Traceability

Within the UK there is an established structure called the National Measurement System
(NMYS) that is supported by the Department of Trade and Industry (DTI). The purpose of
the NMS is to establish and then disseminate, through a network of accredited calibration
laboratories, a structure of traceable measurements where by an unbroken chain of

measurements link a shop floor measurement back to the primary standards established

by the National Laboratory.
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Figure 2.18 shows how the traceability structure works in practice. A National Metrology
Institute (NMI) establishes a primary standard for the measurand (the quantity to be
measured). The NMI provides the most accurate calibration and has the lowest
measurement uncertainty. The NMI calibrates an artefact for a calibration laboratory or
industrial user and a certificate is issued stating the value of the calibrated parameter and
Its measurement uncertainty, in accordance with standard requirements [ISO17025]. The
calibrated artefact is used to determine the bias (difference between the calibration value

and the users measured value) of the instrument and, if used correctly, to estimate the

measurement uncertainty. The pyramid in figure 2.18 shows traceability running from

bottom to top and increasing measurement uncertainty from top to bottom.

Figure 2.18 Establishment of traceability for measurement on the shop tloor.

Definitions

Definitions of common terms are taken from British Standard Institute document, [PD

6461]. However, in the opinion of the author, these explanations are not clear so

additional text has been added for clarty.

(a) Calibration is defined as a set of operations that establish, under specitied conditions,
the relationship between values of quantities indicated by a measuring instrument or
system, or values represented by material measure or a reference material, and the

corresponding values realised by standards.
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(b) Measurement uncertainty is the parameter associated with the result of a measurement
which characterises the dispersion of the values that could reasonably be attributed to
the measurand. It is usual in metrology to define measurement uncertainty as a
statistical dispersion quoted with a confidence interval, usually a 95% confidence
interval (Ugs). It defines limits which cover the prediction that there is a 95% chance
that the actual or frue measurement result lies within a + error range defined by the
value. Of course, there is a 5% chance that the actual result lies outside this region.
Other confidence intervals may be used where deemed appropriate provided they are

reported as such.

(c) Traceability of a measurement is the property whereby it can be related to stated
references, usually national or international standards, through an unbroken chain of
comparisons all having stated uncertainties. In dimensional metrology this is usually

established by calibrated artefacts and a comparison process.

UK Accreditation Service

To ensure that calibration 1s carnied out correctly, the laboratory, process and staff must
be accredited. The UK Accreditation Service (UKAS) are responsible for venifying the
suitability of laboratories and staff for completing agreed calibrations. UKAS accredit a

laboratory as being compliant with the requirements defined in ISO 17025, 2005. The
UKs National Gear Metrology Laboratory (NGML), operated by the Design Unit at

Newcastle University, and is accredited by UKAS for disseminating gear parameter

traceability throughout the UK. However the NGML is not a primary laboratory.

A EUROMET agreement with the Physikalisch Technisch Bundesanstalt (PTB), the
German National Laboratory establishes PTB as the UKs Primary Gear Laboratory.
Traceability to PTB is established by calibrated gear artefacts sent from NGML. Users of

the services of NGML are thus traceable to the primary laboratory at PTB.

National Laboratories

There are few national laboratories that have calibrated facilities to measure gears. Those

who do include:

(a) Physikalisch Technisch Bundesanstalt (PTB), Germany. (Primary facility)

(b) Oakridge Metrology Centre LLXT, Y12, USA (Primary facility)
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(c) National Institute of Standards and Technology (NIST), USA (Pnmary facility)

(d) Japanese National Laboratory, National Institute of Advanced Industrial Science and
Technology(AIST), Tsukuba, Germany (primary facility)

(e) UK National Gear Metrology Laboratory (NGML), (secondary facility)

Comparisons are carried out between national laboratories on a voluntary basis to verify

both the measurement compatibility and measurement uncertainty:.

2.6 General co-ordinate measurement uncertainty.

A gear measurement result provided without a statement of its measurement uncertainty

1s incomplete and it not possible to make reliable decisions regarding fitness for purpose.

Manufacturers risk losing credibility and income if their components are subsequently
found to be outside specification. The following section reviews the relevant research

and publications that relate to gear measurement uncertainty.

Measurement uncertainty

There 1s much published information on the statistical methods that may be applied to
measurement uncertainty. Generic methods that are most readily applied when large
volumes of statistical data are available from the process industries, in which the problem
1s to condense large volumes of ‘data’ into meaningful ‘information’ [Mandel,1964].
These methods generally model the dispersion in results with Gaussian, Rectangular or
Poisson’s distributions. For many applications in dimensional metrology large volumes
of data are not available to define the distribution. The issues relating to this are to some
extent addressed in documents published from 1990 onwards by Standards Institutes or
consortia, who serve industry and calibration laboratories [WECC-19, NIST, 1994, PD
6461,1995, UKAS, 1997, ASME, 1998, EA-4/02, 1999, Adams, 2002]. The documents
provide procedures for the user to follow but give little insight to the underlying theory.
In the metrology field the work by [Dietrich] provides a robust platform for applying
these methods. In particular, Dietrich addresses methods to accommodate low data
volumes or even single measurements are discussed and simple approximate distributions

and rectangular distribution example analyses are provided.

References for applications to complex measurement processes such as CMMs or gear

measuring instruments in which there are large number of uncertainty sources are
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addressed by the comparator method [ISO 15530] that recommends the use of calibrated
artefacts for ‘Task Specific’ calibration of measurement processes. These are essentially
the guidelines that are applied to gear measuring instruments, although the

recommendations, drafted by the author, for gear measuring instruments pre-date the

CMM material by 8 years [BGA, 1994].

An alternative approach is the application of the Virtual CMM in which a mathematical
model of the measurement process and data obtained from appropriate measurement
methods [Cox, 2002]. In the authors opinion. this requires very stable measurement
processes and 1s only suitable for instruments situated in closely controlled environments
because the data used to generate the virtual measurement process must be appropriate to
the current measuring conditions for accurate estimates of measurement uncertainty. The

virtual CMM requires a Monte Carlo Simulation (MCS) of the measurement process to

generate the virtual measurements.

A further very important limitation is that none of the published work on these classical
approaches to measurement uncertainty provide the user with methods to account for bias
or systematic errors that remain uncorrected. Methods have been suggested in the flow
calibration field [ISO TR5168] but these are not backed by published rigorous testing or
published theory, although they are likely to be sound and based on many years of

practical experience.

There are other limitations of the classical measurement uncertainty estimation methods,
for example they cannot accommodate single sided or asymmetric distributions. This is
important when values are near zero or for example when an uncertainty contribution

term is biased; a common example 1s a cosine error that always reduces the magnitude of

the measurand.

These issues may be avoided by estimating measurement uncertainty using a Monte Carlo
Simulation (MCS) method which has been developed over recent years at most of the
leading calibration institutes, including the National Physical Laboratory (NPL) in the UK
[Cox, 2001]. Current thinking is that this will be established as the reterence method for
estimating measurement uncertainty and that over the next few years, applications using
MCS method will be compared to results from the ‘classical’ approach. Applications that
yield the same results will prove that the classical methods are acceptable, however when

a divergence occurs it will be assumed this is due to limitations in the classical methods.
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The MCS method differs from the classical methods by actually simulating a series of
virtual measurements rather than simply combining probability distributions. The model
allows each input variable to be assigned a probability distribution and then the
measurement 1s simulated by using a random number generator to generate results from
each of the input variables. The results are summed linearly and the simulated
measurement result is the output, according to the mathematical model. The process is
repeated many times, typically between 1000 and 100000 times depending on the
complexity, with a random number generator producing different ‘virtual’ results each
time. The distribution of the output values can then be analysed and the 95% confidence

interval values established for the actual distribution. This method has been successfully
applied to many applications [Cox,2001] but in the authors opinion although it has many

advantages, it has some significant limitations:

e the inputs or sources of uncertainty distributions must be accurately measured and

validated to ensure the validity of the virtual measurement results, and

e the bias or systematic errors cannot be included unless they are compensated or

added linearly.

However the method has developed for use in a gear measurement application in Chapter

7 and yields some very promising results.

All these methods have a further anomaly that is difficult to quantity; the more work that
is carried out in measurement uncertainty assessment, the larger the estimate of
measurement uncertainty. This can be easily demonstrated by considering a measurement
process that has its measurement uncertainty established with a single calibration item.
The uncertainty estimate can be validated by a second calibrated test item and found to be
acceptable by a comparison with the calibration data. If the measurement uncertainty 1s
further validated by a series of tests on a range of calibrated i1tems, eventually a Ugs that is
greater than the original estimate derived from a single artefact 1s estimated. Thus the
additional work provides us with a larger uncertainty but greater confidence, while few
tests give us lower uncertainty without the perceived reduction in confidence by the user.

This encourages less testing and calibration, not more, and is clearly counter intuitive.

A Bayesian statistical approach, avoids some of these issues. It is applied to
measurement applications where the historical data is used to improve the estimate of a

measurement process and reduce measurement uncertainty [Weise]. It has been adopted
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for limited applications for Key Comparison Reference Values (KCRV) evaluation and

may be suitable for other comparator type assessment work (eg. gear measurement) but

has yet to be implemented [Cox, 2001].

The methods are discussed in more detail in Chapter 4.

Establishing traceability

There are a number of methods of establishing traceability or calibrating a measurement
process that are largely independent of the statistical model used to estimate measurement
uncertainty. The methods are directly applicable to CMMs or CNC controlled gear

measuring instruments and most mechanical (older) gear measuring instruments.

e Comparator method

The comparator method uses a calibrated artefact to estimate measurement uncertainty,
where the artefact has similar geometry to the workpiece inspected. For involute gears,
this means an involute form artefact with similar dimensional size and mounting
arrangement to the workpieces. Each parameter that is measured and evaluated should be

calibrated on the artefact with a nominal value and measurement uncertainty stated.

The comparator method is the easiest to apply on the shop floor and provides the user
with a relatively simple but robust estimate of the measurement process uncertainty.
Furthermore, it 1s a functional check on the total measurement system performance. The
disadvantages of the process are that it has limited scope and only checks the performance
at a specific geometry. Also 1t provides no information on the cause of any excessive

differences between calibration certificate values and measured values. This method is

researched and applied extensively in Chapters 5, 6 and 7.

e Surrogate artefact method

This method is similar to the comparator method but there is a lack of similarity between
the calibration artefact and workpieces. Often this is because the calibrated artefact is
designed with features that reduce the uncertainty of calibration. For example the
involute profile may be replaced by the surface of the sphere because it has lower form
errors. However because the geometry 1s different there remains the question of whether

the measurement on the surrogate artefact is more or less accurate than those obtained on

a workpiece. This method 1s researched in Chapter 8.
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* Decomposition method

The decomposition method is more complex than either of the two previous methods and
1s only applied in national or primary calibration facilities. The method involves using

very basic but easily calibrated artefacts such as gauge blocks or step gauges to estimate

the uncertainty of the measurement of the measuring volume used for calibration

purposes. In the authors experience it has only been used on 3-axis CMMs [Harary,1994]

without a rotary table and is not practical for shop floor instruments.

o YVirtual co-ordinate measuring machines (VCMM:ys)

This technique 1s currently being developed by NIST in the USA and by NPL and PTB
in Europe with industrial support [Hartig, 1997]. The method uses a MCS method to
estimate random uncertainty combined with a parametric error map to estimate systematic
errors 1n the measuring volume. At present the method has been developed for 3 axis
linear CMMs without a rotary table, but it is proposed that PTB and an industrial
collaborator will implement a model of the rotary table to allow the method to be
extended to gear measurement [Hartig, 2004]. This method requires an accurate
parametric error map that has a sufficiently fine gnd so that important high frequency
form errors are included in the compensation. A parametric error map involves
measuring each of the 6 possible sources of error on each axis. This is time consuming

and very difficult to perftorm with sufficient accuracy to ensure reliable results are

obtained.

A summary of CMM and gear measuring instrument calibration procedures

CMM uncertainty evaluation procedures were traditionally used to define single axis and
volumetric length measurement uncertainty. However, the latest revisions to ISO 10360
include the measurement of probe scanning performance and rotary table accuracy. The
documents prescribe a series of tests that allow the user to compare the performance of
different measurement solutions and venify the stability and reproducibility of the
instrument, however they do not recommend acceptance limits or provide procedures to
estimate measurement uncertainty. Furthermore, the documents do not allow the user to
estimate the uncertainty of performing measurement tasks on reference artefacts or

workpieces. Guidance on this 1f found in other ISO documents [ISO 14253-1].
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The German Institute of Mechanical Engineers (VDI) publish a series of guidelines
[VDUVDE 2617 Parts 1 to 6] that provide recommendations for checking CMMs and
gear measuring instruments. These include how to check CMMs and include guidance on
checking straightness, length measurement uncertainty, squareness, angular errors and
probing errors. The documents are based on machine tool testing practices but again they

fail to provide the information necessary to estimate measurement uncertainty.

The VDI also provide recommendations for gear measuring instruments. These
documents are more helpful and provide acceptance limits for pitch measurement
[VDI/VDE 2613], profile measurement [VDI/VDE 2612-1] and lead (helix) measurement
[VDI/VDE 2612-2]. The documents include acceptance limits and define a measurement
uncertainty Ugs when measuring calibrated gear artefacts and master gears and they also
recommend the calibration requirements of gear artefacts and the basic instrument
alignments required for achieving the stated uncertainty. It is evident that although these
documents were written in the early 1980°s they are more specific, and hence more useful

than those prepared for general purpose CMMs in the late 1990’s.

To rectity this a new series of documents was prepared in the UK and published by the
British Gear Association (BGA) [BGA, 1994]. These ‘codes of practice’ defined
uncertainty requirements, a measurement procedure and evaluation procedure that
included a method of combining random and systematic errors in common with, but
developed independent to the Flow Calibration document [ISO/TR 5168]. However in
the authors opinion the estimates of uncertainty are still inflated for typical shop floor

instruments but, as discussed in Chapter 7, they tend to underestimate uncertainty values

when applied to processes with low bias and repeatability.

Finally, a guidance document [ISO 18653] was prepared by ISO TC60/WG2, with
participation from the author (as the UK expert) on evaluating gear measuring instrument
performance. This document was obliged to use a statistical evaluation procedure

outlined in ISO 14253-1, which in the authors opinion produces results that are even more

pessimistic than those of the earlier BGA “Codes of practice’.
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SOURCES OF MEASUREMENT ERROR

The history of gear measuring equipment 1s reviewed and methods to minimise errors in
the measurement process are discussed in this chapter. A comprehensive review of

sources of error in the measurement process is also included.

3.1 Measuring equipment

Early Instruments

The ease with which involute gears could be measured was one of the key reasons the
involute form was readily adopted by manufacturers. Measuring instruments from Sykes,
Wickman, Maag, Zeiss, Lewis, Orcutt, Illinios Tool Works, were developed in the 1920’s
[Rolt]. Figure 3.1 illustrates an instrument developed by Tomlinson at NPL which was
designed to measure cumulative pitch error and profile errors. The early versions of the
instrument measured profile deviation by a micrometer screw drive on a calliper but this

was replaced by a Pantograph mechanism (shown in figure 3.2) that was used as a

comparator with a x10 template [Tomlinson, 1923] .
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Figure 3.2 Tomlinson pantograph profile measurement with a x10 template [Rolt].

It was reported that a magnification of x10 was used for profile charts and instruments
had 0.0001” discrimination for pitch error. Furthermore, users clearly understood how
the results could be analysed to i1dentify the cause of the errors [Rolt]. Figure 3.3 shows
the cumulative pitch error plot from a gear and figure 3.4 show the sine bar indexing
system used to measure them. Provided that this type of indexing mechanism is
repeatable, the pitch measurement method i1s accurate within the reproducibility of the
system because setting errors can be compensated by a closing error calculation. This

calculation method was used on a number of later instruments, including several modern

CNC measuring instruments.
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Figure 3.4 Cumulative rpitclll sine bar indexing system [Rolt].
The next generation machines were base disc involute measuring instruments that have
been in use through to the present day. The principle of measurement is illustrated in
figure 3.5. The base disc generates the theoretical involute shape by rolling a disc of the
same diameter as the base diameter of the gear to be measured. As the disc rotates along
a straight edge the translation of the centre of the disc drives a chart recorder that enables
the deviations from the true involute to be described as a deviation from a straight line.
Analysing the departure from a straight line 1s very simple compared to evaluating the
deviations from a complex involute curve. Thus in the early 1930s involute gears were
measured with mechanical scanning machines with acceptable accuracy to control gear

quality. The machine layout is illustrated in figure 3.6 and an example of a machine is

shown in figure 3.7.
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Figure 3.5 Involute gear measurement using a rolling base disc [Munro]

Instruments of this design were developed by Maag, David Brown, Frenco and others
during the last 50 years to improve their performance. The main focus for improvements
were better measurement probes and improved recording systems for measurement
records [Timms]. Early systems used a line scribed on smoked glass plate, then used pen
and ink on paper (early 1950s), electrical discharge etching on conductive paper (1950-
60) followed by X-Y plotting machines (1970-1980s). The final development was to
interface instruments to a PC to automatically record and evaluate the results to a

recognised accuracy standard [Frenco].

-t Movemants for 100th aligremant inepection actusted by verisble -speed moter drive o by hendwhse!

Figure 3.6 A simple lead and profile measuring machine with rolling base disc

[Munro,1989].
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Figure 3.7 Mechanical base disc lead and profile measuring instrument [Frenco].

The same profile measurement principle, that of rotating the gear and translating a probe
in the base tangent plane was employed in the early CNC measuring machines [ Lawson]|

and is still used in present day measuring instruments.

One of the disadvantages of these relatively robust and simple mechanical instruments 1s
that they can not measure pitch errors. Additional attachments or instruments were
needed to measure pitch errors. A typical pitch measurement attachment 1s shown 1in
figure 3.8. The portable instrument requires a spindle with a constant speed drive to
allow the control system to drive the probes into a tooth space in order to measure the

difference between adjacent pitches on each tooth pair. The instrument can also be used

on gear cutting and grinding machines.
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Figure 3.8 Maag ES401 portable pitch measuring instrument.

The operating principle of the portable pitch measuring attachments is illustrated in figure
3.9. Two probes are used. One probe is either a solid probe or is a measuring probe that
has a trigger point to define when the deflection has reached a predetermined value. The
second 1s a measurement probe which detects the error. The difference between the probe
values 1s thus the adjacent pitch value. This is repeated on all the teeth and the measured
error values are determined by subtracting the mean value of all the teeth from the
measured value. The results are then plotted out manually on the early instruments or
automatically on the later instruments. Early instruments required manual closing error
analysis whilst later instruments also had the benefit of automatic evaluation that reduced

operator errors and also speeded up the measurement process.

Figure 3.9 Principle of operation of portable pitch measuring instruments

(1- gear, 2-locating probe, 3- reference probe, 4-measuring probe, S-horizontal carriage,

6- radial carriage).

41



Modern measuring instruments

The development and refinement of the dedicated CNC gear checking machine over the
last 30 years has had a crucial role in improving gear manufacturing capability [Munro,

1997]. High accuracy CMMs equipped with rotary tables and scanning probes are also
very capable of measuring high quality gears.

There are many designs of CNC gear measuring machine available. They fall into 2 main

types: 4-axis and 3-axis CNC machines, as illustrated in figures 3.10 and 3.11
respectively [Frazer, 1996].

4-axis dedicated CNC gear measuring instruments

4-axis CNC gear measuring instruments comprise 3 linear axes (vertical, radial and

tangential axes) and 1 rotary axis, measure involute profile using the same principles
developed for the simple base disc mechanical machines. The mechanical linkages of the
sine bar for lead measurement and base circle disc for involute measurement are replaced
by a CNC controller that 1s usually configured in a master-slave mode. The single axis
mechanical probe 1s usually replaced by a single axis LVDT, such as the Tesa GT31 bi-
directional probe or a full 3 axis LVDT scanning probe. In many earlier instruments a

clamping system was used to lock the probe axes that are not used during gear

measurement.
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Figure 3.10 A 4-axis Sigma 7 from M&M in the USA is equipped with a 3-axis LVDT

probe, linear motor drives and a direct drive rotary table.

42



Linear axes are constructed with ground guides and rolling element bearings and the drive
system usually comprises a ballscrew driven by a servo motor with Heidenhain type
linear optical encoder used for position feedback. The rotary tables use an angular
encoder with a multi-stage friction or belt reduction drive and the rotary axis are usually
of the rolling element type bearing. A key factor on performance of the instruments is the
resolution of the encoder that provide feedback for CNC position control. The higher the
resolution the smoother and more accurate the resulting position control. Work at the
NGML [Maillio] shows that most control systems require approximately 10-12 counts
following error as the best that is practically achievable. Early CNC instruments had a
linear encoder resolution of 0.1um [Hoéfler] but later instruments achieve 0.008um

[Klingelnberg] providing better control and higher repeatability.

Recent designs of instrument use linear motors to simplify and improve the performance
of the linear axes and the complicated and somewhat unreliable multi-stage rotary table
drives have been replaced by direct drive torque motors. This has improved repeatability
for lead, profile and pitch measurement parameters to around 0.1um but the new designs

are susceptible to thermal problems during operation [Mancasola, 2003].

Table 3.1 contains a summary of the benefits and limitations of dedicated CNC measuring

instruments.
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Table 3.1 Benefits and limitations of CNC gear measuring instruments

1. Fast - they measure lead, profile and pitch errors in | 1. Expensive.
one setting and will evaluate the results and compare
them to the relevant standards or accuracy
requirements specified on the gear drawing. They can
also take multiple measurements across the face-width

to allow for further analytical work for controlling

quality.

2. Do not need skilled personnel to evaluate the | 2. Require a reasonable environment if they are to

results- only partly true but certainly less evaluation is | work accurately.

required.

3. Are inherently more accurate because the slide | 3. When they do go wrong, only qualified personnel

design are more simple, reliable and stiffer. can fix them - the standard of after sales support can

be of paramount importance.

4. Other features may be measured as well as gear | 4. Despite all the modern developments, they still only

parameters eg journal runout. check a few teeth at a few positions on the flank, so it
is still possible to miss tooth damage or the largest

error on the gear.

5. Mounting errors may be corrected so gear errors | 5. Can not guarantee accuracy just because the results

are tabulated to 0.1uym. The accuracy of the machine

may be measured directly with reference to the

will depend on the skill of the operator, the

functional datum surfaces.

environment and the how the accuracy of the machine

is verified..

6. Statistical records may be kept and records linked to

other computer prograims.

7. More complex components may be measured with

the same equipment, eg cutters- hobs, shaving tools,

shaping tools, worms, bevel gears and prismatic parts.

8. More clients expect to see records from a CNC

machine.




3-axis dedicated CNC gear measuring instruments

3-ax1s machines dedicated to gear measurement use 2 linear axes (Z, vertical axis & Y,
radial axis) and a rotary (¢ axis) to measure the gear as illustrated in figure 3.11. The

main difference in operation between these and dedicated 4-axis machines is how they

measure profile.

Figure 3.11 An example of a 3-axis CNC gear measuring machine [Klingelnberg]

The benefit a 4-axis machine is that the involute generation process ensures that the
measurement axis always coincides with the line of action of the involute gear. Thus
errors that are not in this line of action plane have only a second order effect on the
involute measurement accuracy. For example, probe datum errors and stylus geometry
errors have little influence on the involute measurement accuracy. In 3-axis measurement
this 1s not the case. The instrument generates the involute as an absolute curve in space.
Because the probe contact position changes as it moves over the involute curve, all errors
including the probe geometry become important. Thus to obtain accurate involute

measurements on a 3-axis machine requires an accurately and frequently calibrated probe

stylus.

Three-axis instruments, for example the Klingelnberg PNC33 pictured in figure 3.12 have
some benefits; they are more simple and cheaper because they require fewer parts and do
not require the additional servo control and expensive drive components that is needed by
a 4-axis machine. However they are no longer manufactured because drive components

in general are becoming cheaper and the need for optimum measurement accuracy is

increasingly demanding.
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Figure 3.12 An example of a 3-axis dedicated CNC gear measuring instrument
(Klingelnberg PNC 33)

Coordinate measuring machines (CMMs)

The limitations of 3-axis machines apply to the performance of 3-axis CMMs with gear
software (both with and without a rotary table). These are compounded on CMMs
however because the lack of a rotary table requires either a star type of probe arrangement

or a Renishaw indexing head such as the PH10M.

For significantly less than the cost of a gear measuring machine, it 1s possible to buy a
CMM with software which will facilitate the measurement of gears. While this may

appear to be cost effective, there are a number of points which must be noted :

e Most gears are manufactured to a high accuracy and will require measurement using a

very accurate CMM (which 1s expensive).

e Some lower quality gears with larger tolerances ( eg ISO 1328 grade 8 and lower)
may be measured with appropriate accuracy on average CMMs with touch trigger
type probes. They generally require a scanning type probe if sufficient data is to be

obtained in a time which is comparable with a dedicated CNC gear measuring

machine.

e Gears are complex shapes and will usually require a rotary table to index the gear to
the correct orientation for the probe to access the flanks. ( alternatively they will need

8 accurately calibrated probes to execute a standard measurement on a gear or a

motorised probe such as a Renishaw PH10M).
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 The datum axis of the gear must be very accurately defined if the measurements are
valid, which may be a time consuming process on a CMM, and there are sometimes

practical issues with access for probing journals.

An example of a high accuracy Zeiss UPMC CMM is shown in figure 3.13. It has a
portable rotary table (RT05) and is being used to measure an automotive lay-shaft. The
rotary table reduces the number of styli that are required to complete a standard gear
measurement. The measurement procedure also involves determining the position and

axis direction of the rotary table , prior to determining the mounting position of the gear

on the rotary table. Few CMMs use a tailstock, although the Zeiss ZMC550 is the

exception, which was designed as a dedicated gear measuring instrument with in-built

rotary table.

Figure 3.13 A Zeiss UPMC with portable rot table (RTO0S5) used to measure an

automotive lay-shaft

A Mitutoyo CMM equipped with a Renishaw SP25M scanning probe mounted on a
PH10M indexing head is a more common shop floor instrument and 1s shown in figure
3.14. This is the more usual arrangement for a CMM used to measure gears only
occasionally. The calibration of the position of the probe stylus centre is critical for
accurate pitch measurement. The process of calibrating the PH1OM indexing positions
for gear measurement takes approximately 45 minutes. Gear measurement takes
approximately 15 to 25 minutes depending on the data density, which 1s considerably
longer than a dedicated CNC gear measuring instrument. Figure 3.15 shows how a CMM

can be used to measure large batches of gears without operator intervention.
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Figure 3.14 Mitutoyo CMM equipped with a Renishaw SP25M scanning probe mounted
on a PH10M indexing head.

Figure 3.15 Pallet loaded gears for sample batch inspection on a CMM. 1t is very difficult

to replicate this measurement strategy on a dedicated gear measuring instrument.

The benefits and limitation of the CMM method 1s summarised in Table 3.2.
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Table 3.2. Benefits and limitations of using CMMs for gear measurement

1. Very flexible. 1. Require a good quality CMM, which can be

expensive.

2. By definition are able to check any feature on the | 2. Tend to be slow compared to dedicated gear

gear, not just the gear parameters measuring instruments.

3. Often require a rotary table that will add to the

3. Can measure pallet loads of gears without

operator intervention. cost of the machine.

4. Need a high accuracy probe if they are to achieve

4.Usetul if you only check gears occasionally.

the accuracy required for top quality gears.

5. many do not measure profile using the generating

method of measurement used by simple base disc

machines. This makes the process more sensitive to

errors in the probe system <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>