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f) Two Possible Worst Profile Traces

Fig. 3 — Example Gear Inspection: 4 teeth inspected; left flank; profile
trace.
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where @, D(i = 1,2,...,n) have the same meanings as in Eq. 10.

The extracted mean lead modification, m;, not only includes
the intended lead modification, such as crowning, but also
includes the systematic lead error which shows the same ten-
dency on each gear tooth. An example of such a systematic lead
error could be the alignment error (Ref. 4).

Similarly, if the inspected teeth are exactly (in most cases,
approximately) evenly spaced around the gear, the mean lead
modification can be calculated simply by averaging the indi-
vidual lead traces measured on all inspected teeth.

Using Egs. 31 and 33:

v = e Sin(E, + £, + 0) + m(&,) =D, i=12,.n. (35)
Eq. 35 has the same format as Eq. 15. Solution of Eqs. 19-21
could be used, but v, (i = 1,2,...,n) should be used instead of V,,,-(i
=1,2,...,n), while b,(k = 1,2,...,n + 2) in Eq. 20 are calculated. ¢,
and g, are obtained,

el = \[Dn2+l + Dnz+2 (36)
g, = arctan( &“—)
Dy, (37)

The amplitude and the phase of the sine curve from the eccen-
tricity are:

eccentricity magnitude e = ¢;/cos(y,) (38)

eccentricity location 0,1 =& — (O, — %) (39)

Example Inspection of A Real Helical Gear

A Boeing NASA helical gear was inspected to verify the
developed algorithm. The geometry of the gear is listed in Table
1. Originally the gear had very little eccentricity, so an artificial
eccentricity of 0.0718 mm was created on the CMM (Coordinate
Measurement Machine). Four teeth were inspected by a universal
CMM. The CMM has a resolution of one micron, and an accura-
cy of about three microns. According to the specification, a cir-
cular profile modification was applied from the form diameter to
the outside diameter. No lead modification was required. The
profile inspection was performed at the middle of the face width,
and the lead inspection was performed at the pitch diameter.

Fig. 3 shows the profile inspection data. Only the traces of
the left flanks are given here. The original deviation curves are
drawn in Fig. 3a. The extracted mean profile modification is pre-
sented in Fig. 3b. The profile traces after the removal of the
modification are shown in Fig. 3c. The fitted sine curve is shown
in Fig. 3d. The profile traces after the removal of the effect of
runout are shown in Fig. 3e. The maximum and minimum slopes
of the fitted sine curve is its amplitude e and — e respectively. If
these slopes are added to the mean profile trace m,, we can get
the two possible worst profile traces that could be obtained in
profile inspection. These two possible worst profile traces are
shown in Fig. 3f. The results of the best fit are listed in Table 2.

Fig. 4 shows the lead inspection data. No lead modification
appears to exist on the gear. The results are presented in Fig.
4a—4f and Table 3 respectively. Note that the orientation angles
of the introduced eccentricity are different in Table 2 and Table
3 because the first one is relative to the centerline of Tooth 1 at
the middle of the face width where profile measurements were
performed, and the second one is relative to the centerline of
Tooth 1 at the top face as stated in Eq. 27.
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Conclusions and Comments

A new programmable algorithm is developed to separate out
the effect of runout from the profile and lead inspection data.
The method presented here is more convenient, more reliable
and easier to program than that proposed by Laskin and Lawson
(Ref. 2). Because the pure radial runout does not contribute to
the noise and vibration of transmissions as much as the real pro-
file and lead deviations (Ref. 2), the separation of the effect of
runout from profile and lead inspection data is significant.

In the Gear Dynamics and Gear Noise Research Laboratory at
The Ohio State University, a CMM is often used to inspect gears.
The effect of runout was removed using a two-step inspection,
where runout inspection was performed, a new center was deter-
mined; profile and lead inspections were performed based on the
new center. This approach takes more time. The approach present-
ed in this paper gives us an alternative way to save inspection time.

In our example, the fitting process from the profile inspec-
tion data produces a better result than the fitting process from
the lead inspection data. It is expected because a regular gear
with non-negligible wobble (axial runout) is used instead of a
test gear of very good accuracy as in Laskin and Lawson
(Ref.2). In most cases, the profile traces are preferred in the
separation of the effect of runout, particularly when the face
width of a gear is relatively small compared with its helix lead.
In this case, the lead traces are tiny segments (Fig. 4d) of the
sine curve, and this makes the fitting process less reliable.
Compared with Fig. 3d, the profile traces are longer than the
lead traces for our test gear (1.5:1). The use of lead inspection
data to separate out the effect of runout should be avoided
unless the helix angle and/or the face width are really large.

The same gear was inspected once more. This time no artificial
eccentricity was introduced. Its actual eccentricity was detected
through a separate runout check. The eccentricity was also calcu-
lated from the profile traces. The results were listed in Table 4.

The separation of eccentricity based on the profile traces was
very successful, but the separation of eccentricity based on the lead
traces failed in this case. The reason is the gear has wobble (axial
runout) comparable with the eccentricity (radial runout) that vio-
lates the wobble-free assumption from which Eq. 27 was derived.

A more ambitious approach would be to use all the inspection
data from both flanks to make one sine curve fitting. Take the pro-
file inspection data as example. The sine curves represented by Eq.
26 (for right flank) and Eq. 1 (for left flank) can be viewed as the
same sine curve (the phase difference can be calculated). We could
then fit the profile traces of both left and right flanks to one single
sine curve. This approach has not been tried yet by the authors. £}
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Fig. 4 - Example Gear Inspection: 4 teeth inspected; left flank; lead trace.
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