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Effect of Radial Runout on Element Measurements
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[The statementsandopinionscontainedhereinarethoseof theauthorandshouldnotbeconstruedas anofficial actionor
opinionof the AmericanGearManufacturersAssociation.]

ABSTRACT:

Radial runoutinagearcancontributesubstantiallytomeasuredvaluesof Profile,Pitch,Index,andinhelicalgears,Tooth

Alignment(Lead)Variations.Thispapertakeseachof these variationsin turnandforAGMA Standardmeasurement
methods,gives the equationthatrelateslhemeasuredvalues to the amountof radialrunoutin an otherwise ideal gear.

To demonstratethese relationships,the resultsof actual measurementsarecomparedto values calculatedfrom these
equations. The testgearusedwas aspeciallydesignedmastergear,itself withoutappreciablerunout,butwithapreset
amountof runoutintroducedby mountingon an eccentricarbor.Forthese comparisons,both CNC and other types of
inspectionequipmentwere used. Measurementsarealso providedfor the mastergearwithout the preset runout.

There is also discussionof how theguidanceprovidedby theequationscanbe usedtoaidinterpretationof gear inspection
data, to explaindifferences betweenmeasurementmethods,andto encouragerevision of element tolerances.
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Effect of Radial Runout on Element Measurements

Irving Laskin, Consultant, Sharon, MA
Robert E. Smith, R.E.Smith & Co., Inc., Rochester, HY

Edward Lawson, American Sykes Co., Dayton, OH

Introduction

Radial Runout is recognized as one of several element variations that together
largely define the geometric quality of a gear. Others identified by the AGMA Gear
Classification and Inspection Handbook, AGMA 2000-A88, are Profile, Pitch (and closely
related Index), and Tooth Alignment (Lead). In this Handbook, as in other references,
each element variation is treated separately, with its own measurement method and with
its own set of tolerances. This leaves the impression that all variation measurements are
independent of each other, that the presence of one variation will not affect the
measurements of any of the others.

On the other hand, actual inspection records often give evidence of the presence of
Runout in measurements of other element variations. In Figure 1, a set of Profile
measurements, Runout is recognized by the differences in slope of the individual curves
from the four equally spaced teeth. In Figure 2, showing Pitch measurements, Runout is
revealed by the general shape, resembling a sine-wave, of the successive plotted values
for all the teeth on the gear. The same effect is shown in the Index measurements of
Figure 3. Finally, the Tooth Alignment (Lead) measurements on a helical gear in Figure 4
show the Runout by the differences of slope.

This paper will describe the mathematical relationships between the amount and
direction of Runout and the resulting effects on the measurements of these other element
variations. Such relationships should prove valuable in at least the following ways:

- To lead to methods of using any of the element measurements to determine the exact
magnitude and location of Runout on the gear. Such information can then be used for
correction when a more direct measurement of Runout is not available.

- To help establish a revised set of element tolerances which more accurately
account for the contribution of Runout to Profile, Pitch, and Lead.

- To encourage the recognition and tolerancing of new element variations

corresponding to Profile, Pitch, and Lead from which the effect of Runout has been
removed.

Mathematical Relationships

Each of these are derived with the following conditions:
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- The gear is an external spur or helical gear. (Equations for helical gears can be

reduced to spur gears by setting the helix angle to zero.)

- The gear has ideal geometry except for Runout caused by the eccentricity of the
gear tooth pattern with respect to the central datum. This excludes Runout due to
out-of-round.

- The amount of Runout is very small in relation to the tooth size. This means that
the Runout does not substantially change the angle of the tooth profile at the measuring
probe location as the measurement moves from tooth to tooth.

- The measurement method is as described in the AGMA Handbook.

- The probe has either a sharp edge, a properly oriented c¥1indrical edge, or a
spherical radius. (On some types of measuring equipment, a compensation for probe size is
included in the reported measurement. When using the equations to predict measurements on
such equipment, a zero radius is used.)

The terminology used in these mathematical relationships is as follows:

- The tooth identification terminology used is the same as in the Handbook (see
Figure 5). (At least one make of inspection equipment reports its measurements using an
opposite system of identifying tooth number and tooth flank. This identification must be
corrected before the equations are used.)

- The symbols and corresponding terms are listed in Table 1. Some of the symbols are
also shown in Figure 6 and are used on the figures associated with each type of
measurement. Table 1 also identifies the usual source of the data item for each symbol.
Where needed, it also supplies the simple equation for calculating the data item from
other data.

- Symbols for the element variations, wherever possible, are identical to those used
in the Handbook. The definitions of these variations, in terms of direction of
measurement, are also identical.

Profile

Figure 7(a) shows the left flank of a tooth on an ideal, that is, concentric, gear.
Also shown is the same flank displaced due to Runout. The direction and amount of
displacement corresponds to the eccentricity indicated at the gear center. The Profile
measurement at a point on the involute is in the direction normal to the involute curve.
The figure identifies the various angles that combine to relate the measurement direction
to the eccentricity direction. Figure 7(b) shows an enlarged detail at the point of
measurement. It contains a small right-triangle which relates the measurement to the
flank displacement. This triangle and the angles associated with Its sides give the
following equation for the Profile measurement on the left flank:

M_L = e #sin[(@el M-_PSt ) + (k-1)T + _M] [Eq 1]

Note that this equation is a sine function in which the angle has three components.

The first, (@eJM-_F_t), is a constant for the gear being measured since it contains the
direction of the eccentricity and a measure of the tooth thickness adjusted for the probe
size. The second, (k-1)T, is constant for a single tooth but changes as measurements are
moved to other teeth spaced around the gear. The third component is the roll angle at the
point along the involute at which the measurement is being made. This changes as the
point is moved along the tooth being measured, from point S at the Start of Measured
Profile (SMP) to point E at the End of Measured Profile (EMP).

A plot of Equation 1 is shown in Figure 8(a). The four indicated portions of the
sine-wave represent the four Profile measurements made at four teeth equally spaced
around the gear. These measurements are grouped together in Figure 8(b) as they would
appear in an inspection chart. What are customarily taken as straight lines of varying
slope are actually small portions of a sine-wave taken at spaced intervals. For this
otherwise ideal gear with Runout, the Profile Variation at any one tooth is generally
equivalent to this 'slope', taken as the difference between the measurements at the
start and end of the measured portion of the involute. This Profile Variation at any one
tooth is closely expressed by the following equation in which the eccentricity is
replaced by half the Runout Variation:

2
Copyright American Gear Manufacturers Association 
Provided by IHS under license with AGMA 

Not for ResaleNo reproduction or networking permitted without license from IHS

--`,,```,,,,````-`-`,,`,,`,`,,`---

Full document details: AGMA 93FTM6 1993

http://www.avadocuments.com/doc/agma-93ftm6-1993
http://www.avadocuments.com/doc/agma-93ftm6-1993


V_L_-_- (_ -_S)( )xcos[(eeiM-KpBt) + (k-Z)T+ {_E+ES)]" Z

for: (rE-E5) _ 30 _ [Eq 2]

The quality of the gear with respect to Profile is generally defined by the tworst'
Profile Variation among those measured at the several teeth (usually 3 or 4). This
equation and Figure 8(a) show that the maximum possible slope or Profile Variation
depends on: (1) the amount of Runout, (2} the roll angle interval, which is generally
inversely proportional to the number of teeth in the gear, and (3} the usually accidental
choice of which tooth is used to start the inspection. In regards to the last item, the
maximum variation will appear if a measurement is made at a tooth corresponding to the 0
or 180 degree location along the sine-wave, as shown in Figure 8(c). The magnitude of
this maximum Profile Variation is given by the following equation:

The smallest 'worst' variation, approximately 30 percent smaller, will be obtained
if the teeth are selected to correspond to the 45, 135, 225, and 315 degree locations, as
shown in Figure 8(d).

The corresponding equations for Profile measurements and Profile Variation for the
right flank, given below, are very similar to those for the left. There are sign
differences in the first two components of the angle of the trigonometric function. These
sign differences translate into a 'phase-shift' difference which, in turn, changes the
locations along the sine-wave at which the measurements are positioned and explains why
the 'slopes' on the measurement traces for the two flanks of the same tooth are generally
not the same.

M#R= e= sin[(- eetM -_pB t ) - (k-l)T +e H] [Eq 43

v,R=- _ (EE-ES)(I_OO) cos[(-eelM-_PSl:)- (k-1)T+ (_--_)]

for: (£E-65) & 30 [Eq 5]

Pitch and Index

These two variations are closely related, as explained in the Handbook. Since each
Fitch measurement can be derived from two successive Index measurements, the Index
relationship will be developed first.

Figure 9(a) shows the left tooth flank in the concentric and displaced eccentric
positions. The measurement is in the transverse plane and in the tangential direction as
specified in the Handbook. Figure 9(b} shows the geometric relationship connecting this
measurement and the eccentricity. The measurement is expressed in the following equation
for the left flank.

e

sin[(eet M) + (@Mt-_FM%) + (k-1)_ [Eq 6]M_L = ¢osw=_t *

This equation is also a sine function. The angle is expressed in three components.
The first two are constant for the gear and the measurement set-up and the third varies
with the number of the tooth at each measurement. The equation is plotted in
Figure 10(a). The x-axis represents the rotation angle going around the gear in the
direction of increasing tooth number. The measurement trace made by inspection equipment
would not have the form of this smooth curve. The trace, instead, would be a series of
line segments, as also shown in the figure, or bars, as in Figure 3. The tips of such
lines or the centers of the tops of the bars, however, would lie along this smooth curve.

Figure 10(a) shows the Total Index Variation as the total amplitude of the sine
curve. The relationship to the Runout Variation is expressed in the following equation:
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V_ [Zq 7]

This shows that the Total Index Variation and the Runout Variation are not exactly

equal. The difference is in the cosine of the transverse pressure angle at the point of
measurement. This effect of this cosine term is generally small, a little over 6 percent
for a 20 degree transverse pressure angle and about i0 percent for 25 degrees. Some
inspection equipment make the measurement differently from the specification in the
Handbook, still in the transverse plane but in the direction normal to the involute
instead of tangential to the measurement circle. The Modified Total Index Variation
reported by this method equals the Runout Variation.

The equation for the Index measurement for the right flank is as follows.

e

MxR = CoS _Mt_ sin[- (eel M) + (_ME-_pM_) - (k-l)_] [Eq 8]

This equation is plotted in Figure 10(b). Note that the curves for the left and
right flanks are the same except for the sine-wave starting points, or phase-shift. It is
often mistakenly assumed that the tooth with the peak Index measurement is located 90
degrees from the direction of the eccentricity. The equations and Figure 10 show that
this is not precisely true.

Inspection equipment typically supplies the measurement traces for the two flanks in
an 'opposing' arrangement, as in Figure 3, rather than in the 'parallel' arrangement of
Figure 10. The two curves plotted in this arrangement appear in Figure 11. The 'peaks' of
the two curves still do not line up with each other but, when extended as shown,
symmetrically straddle the location of the eccentricity. The spacing between these
'peaks' equals twice the second component in the angle portion of the sine function in
Equations 6 and 8, as shown in the figure.

As noted previously, each Pitch measurement is equivalent to the difference between
the Index measurements at adjacent teeth. The left flank Index and Pitch measurement
traces in Figures 12(a) and 12(b) show how the Pitch values are derived from the Index
values. The left flank Pitch values can also be found from the following equation by
using 'one-half k' values. For example, to calculate the pitch value for the adjacent
teeth numbered 1 and 2, use k=1.5.

MPL = cos--_Mt (_)x cos[(eelld) + (_Mt-l(pNtt) + (k-1)_] [Sq 9]

The corresponding equation for the right flank is as follows:

(2._.._)x cos[180 °
Mp =cosq,mt: N - (eel)+ (J#Mt-_PMt) - (k-l) ] [Zq 10]

The maximum plus or minus Pitch Variation is related to the Runout Variation in the
following equation. Note that this variation is determined in part by the number of
teeth.

Vr_F

vp(mo_ N cos_Mt_ [Eq lz]

Another way to present Pitch data is. by Accumulated Pitch over some selected number
of teeth. If the number of teeth consists of the entire gear, this measurement, made b_
adding succesive Pitch measurements, is essentially the same as the Index measurement.
The Total Accumulated Pitch Variation is therefore the same as the Total Index Variati6n.
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