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This paper is dedicated to engineers who work in the field of machining precise gears for the needs of the auto-

motive industry. Crowning of the pinion provides a localized bearing co of transmis-

sion error for misaligned gears in car transmissions. A new method for gear crowning a method for length-
wise modification of the pinion tooth—is proposed by this author. Crowning of the pi tooth could be per-
formed simultaneously with the pinion tooth profile modification (which is across the pinion
face width). The reported method of finishing a precision pinion could be easily expanded e gear chamfer-
ing operation. Due to high productivity, this method of pinion crowning—and the method of gear chamfering

as well—could be applied to the mass production of gears for the needs of the automotive industry, e.g. for the

crowning pinion for low-noise car transmissions.

Introduction

Involute and non-involute spur gears are very sensitive to gear axes misalignment. This misalig N the
shift of bearing contact toward the edge of the gear tooth surfaces and transmission error rease noise
excitation. Many efforts have been made to improve the bearing contact of misaligned spur geats by crowning
the pinion tooth surface (Ref. 1). Wildhaber has proposed various methods of crowning that can'be achieved in
the process of gear generation (Ref. 2). MAAG engineers have used crowning for making longitudinal correc-
tions; modifying involute tooth profile uniformly across the face width; combining these two tions (Ref. 1,
3, 4); and performing topological modification that can provide any desirable deviation of theletowned tooth
surface from a regular involute tooth surface (Ref. 4).
The main purpose of these crowning methods is to improve the bearing contact of the misal
only partially addresses the problem. Another problem of prime importance is gear noise
errors of misaligned gears are the main source of gear noise. Transmission error can be abso.
cation of the pinion with a modified tooth surface. Many engineers (Ref. 5-9) have studied
noise. The application of the pinion with a modified tooth surface significantly reduces
transmissions. Usually the pinion tooth surface is generated as a lengthwise-modified su
face is not modified: it is generated as a screw involute tooth surface. A favorable func
is provided for meshing of the pinion and the gear tooth surfaces. The desired fu
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enables reducing vibration and noise excitation of the gear
drive that is caused by errors of alignment.

literary Survey

New trends in gear design are directed toward the substitu-
tion of an instantaneous line tangency of contacting tooth
surfaces by instantaneous point contact (Ref. 10). If the prop-
er design is achieved, this enables a reduction of the sensitivi-
ty of the mating gears to misalignment and reducing the shift
of the bearing caused by errors of alignment. In addition to
the observation of point contact of tooth surfaces, it is also
required to reduce the vibration of gears. This can be
obtained by a reduction of the magnitude of transmission
errors and observation of a favorable shape of function of
transmission errors. Transmission error is the predominant
cause of gear noise.

The application of a pinion with a modified tooth surface
has been understood for many years. Modification of the
pinion tooth surface is required to avoid the effects of trans-
mission errors and the shift of contact between the gear and
the pinion tooth surfaces. Theoretically, transmission errors
are inevitable if the axes of crossed helical gears become
intersected. Actually, if the gear misalignment is of the range
of five to 10 arc minutes, the transmission errors are very
small and may be neglected. The main problem for this type
of misalignment is the shift of the bearing contact to the
edge. In addition, the transmission error must be kept to a
low level in order to stabilize the bearing contact. Our inves-
tigation shows that this goal can be achieved by proper mod-
ification of the pinion tooth surface. Actually, the bearing
contact cannot cover the whole pinion tooth surface. The rea-
son for this is that the instantaneous contact ellipse moves
across, but not along, the tooth surface. For economical rea-
sons, only the pinion tooth surface is modified, while the
gear tooth surface is kept as a regular screw involute surface.

A method of synthesizing the modified tooth surface of a
pinion that provides a localized bearing contact and a favor-
able type of transmission error for misaligned gears is devel-
oped in Ref. 11. Umezawa (Ref. 9) introduced the “bias-mod-
ified helical gear pair.” In this instance, he proposed to dis-
tinguish the so-called “bias-in, bias-out” kinds of modifica-
tion of a pinion tooth surface. An asymmetrical relationship
between vibration magnitude and the direction of each devi-
ation is observed. For further noise reduction, investigation
of the effects of the shaft, bearing, and gearbox on vibration
is of immense importance.

Through an intense “Advanced Gear Design” analysis,
Ameridrives International has optimized the geometry of the
existing fully-crowned gear tooth to increase capacities by 20
to 300 percent greater than the existing conventionally
designed tooth (Ref. 12). This analysis was developed
through years of finite element analysis, strain gage testing,
dynamic testing, and field testimonials from users.

The application of the pinion with a modified tooth sur-
face allows for minimizing variations in working transmis-
sion error owing to the difference in working torque, thereby
reducing the working transmission error in a wide working
torque range.
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Methods for finishing the tooth surface of a modified
pinion on a conventional gear finishing machine appear in
many sources (Ref. 13-15). Usually pinion crowning—i.e.
modification of the pinion tooth in a lengthwise direc-
tion—is performed in an axial shaving operation. In axial
shaving, in order to induce lead crown, it is required to
rock the machine worktable by using the built-in crowning
mechanism (Ref. 14).

The implementation of a rocking worktable action for
crowning during conventional shaving operation is consid-
ered in Ref. 16. Litvin proposed a method of pinion crown-
ing that is based on the application of a surface of revolution
that slightly deviates from a regular finishing tool conical
surface (Ref. 1, 17). We refer to such a surface of revolution
as “the machining surface T of a cutting tool.” Gear finishing
tools of such design are recommended for application as a
grinding wheel or as a shaving cutter.

However, in mass production of gears for the needs of the
automotive industry, the problem of finishing precise gears
with lengthwise modification of their tooth surface does not
yet have an appropriate solution. At present, there are no high-
ly productive methods for finishing crowned pinions that fits
the needs of mass producing gears in the automotive industry.

Methods and Apparatus for
Genter-Less Finishing of the Pinion

Here we consider an operation of center-less finishing of a
precise gear with an involute or some other tooth profile

(i.e. the operation of polishing and/or grinding of pinion
tooth surfaces, finishing pinion tooth surfaces with a shaving
cutter-like gear finishing tool such as a cutter with small
teeth that are uniformly distributed circumferentially, with
small pitch over the machining surface 7).

For a pinion with the given face-width F,, lengthwise tooth
modification of the gear to be finished (Fig. 1) can be specified
by value  of tooth modification. The finished pinion tooth
surface can be easily approximated with a surface of revolu-
tion, or with the helical surface of a corresponding tooth
and/or thread profile.

Figure 1 — Design of a crowned, i.e. lengthwise
modified pinion tooth.

gearsolutionsonline.com



In order to develop a method
and apparatus for high produc- o |
tive center-less finishing of a
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precise crowned pinion, the
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basic principles of analytical
mechanics of gears are used

(Ref. 18). Finishing a pinion

with a crowned tooth surface 5
can be performed via the

process outlined in Machine

Tool for Finishing a Crowned

Gear (Ref. 19). A pinion 1

(Fig. 2) is finished with a gear 3
finishing tool 2 that is located
inside the bandage 3. The
machining surface T of the
gear-finishing tool could be
generated as an enveloping sur-

face to consecutive positions of

the auxiliary phantom rack 2.

In that event, the auxiliary rack

2 rotates about the axis of

rotation Oy of the gear-finishing tool, the machining surface
of the gear-finishing tool is represented with a surface of revo-
lution. The auxiliary rack £, can perform a screw motion. In
this case, the machining surface T of the gear-finishing tool is
represented with a screw surface of axial pitch Px. The axial
pitch Py is equal to Px=ne®px. Here it is designated: px — pitch
of the auxiliary rack teeth, and n=+1,+2,... - is an integer num-
ber. By the way, for the above-mentioned, the machining sur-
face T is represented with the surface of revolution n=0. Due
to this, a screw surface of the pitch Px=n*px degenerates to the
surface of revolution, for which Px=0.

The angle ¥ of crossing of the axes of rotation of the gear
finishing tool Or, of the driving worm Oy from one side and
of the axes of rotation of the pinions to be finished Op from
another side, are synchronized in a certain way. Design of the
gear-finishing machine could be simplified significantly if the
crossed-axis angle X is equal to the right angle (see Fig. 2). In
order to maintain the crossed-axis angle Z equal to 90° , the
proper synchronization of the pinion helix angle yp and of
the setting angles {1 and {yw (of the gear finishing tool and of
the driving worm respectively) is required. The necessary syn-
chronization of the angles Yp, {7 and {y could be derived
from the following fundamental relationship (Ref. 20):

J mZt cosOT
LN | —cos’Ocos’lr

where dpr - base diameter of the gear finishing tool
m — modulus

Zr - number of starts of the gear finishing tool

o7 - normal pressure angle

{r - setting angle of the gear finishing tool.

The similar relationship is valid to the driving worm, and
the interested reader is referred to Ref. 20 for details about
setting the angle of the gear-machining tool.

The driving worm 4 is installed inside the gear-finishing tool.
The direction, or “hand” of the threads of the driving worm is

Figure 2 — To the concept of a method and apparatus for finishing modified pinion.

Figure 3 — Top view of the apparatus for finishing modified pinion.

opposite to the hand of the threads of the gear-finishing tool.
The axis of rotation Oyy of the driving worm aligns with the
axis of rotation Or of the gear-finishing tool (i.e., O = O, , see
Fig. 2). The driving worm is rotating on bearing 5, which is
installed on the support 6. The support 6 is rigidly connected to
the gear finishing machine housing 7.

The gear-finishing tool can be assembled with a certain
number of cutting elements 8, which are uniformly distrib-
uted circumferentially inside the bandage 3 (Fig. 3). The
bandage protects the gear-finishing tool from damage under
the action of centrifugal forces while finishing pinions.
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From the electric motor M,
rotation is transmitted to the
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gear finishing tool and the
driving worm. The gear-finish-
ing tool is rotating with a cer-
tain angular velocity wr. The
driving worm is rotating with
the angular velocity .
Rotation wy, of the driving
worm is synchronized with the
rotation wr of the gear-finish-
ing tool. The synchronization
of rotations wr and wy,
depends upon the shape of the
machining surface r of the gear

Figure 4 — Application of spring-like threads of the driving worm
for feeding pinions onto the gear finishing tool.

finishing tool, and upon the
number of starts of the gear
finishing tool Nt and of the
driving worm N,,. The machin-
ing surface 7 of the gear-finish-
ing tool with shape of a surface
of revolution can be considered
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as screw surface of number of
starts N7=0.

In a gear finishing operation,
the pinion 1 is traveling
through the chambers made by
the gear finishing tool, the driv-
ing worm 4, and the supporting
screens 9. The pinion is rotating
about its axis Op with angular
velocity @y, and is moving
along the axes O7 = Oy, with a
certain speed V). The pinion
rotation @y, is synchronized

7

o
=

Figure 5 — A feasible way for increasing the stiffness of
the spring-like threads of the driving worm.

The supporting screens 9 subdivide the room between the
gear finishing tool and the driving worm into a number of
chambers. While finishing, the pinion passes through the
chamber. The supporting screens have planar working sur-
faces, and they are evenly distributed circumferentially inside
the gear-finishing tool.

When finishing the helical gear, supporting screens with
planar working surfaces can also be applied. A certain syn-
chronization between the number of starts N7 of the gear fin-
ishing tool, and the number of starts Ny of the driving
worm, their diameters, and their setting angles {7 and {y is
required in order to make feasible application of the support-
ing screens with planar working surfaces (Ref. 10). The prop-
er synchronization of the above-mentioned parameters
allows for avoiding the necessity of the application of sup-
port screens with the screw working surfaces. The axis of rota-
tion Op of the pinion must be at the right angle with the axis
of rotation of the gear-finishing tool (O, 0Or).
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with the rotations wr and W, in
a manner that allows for at
least one complete revolution
of the pinion while traveling
through the chamber between
the pinion supporting screens
9. Electrical or mechanical (gearbox) devices could be used for
the synchronization (i) of rotations wr, wy, and 0.

While finishing the modified pinion tooth surface, the gear-fin-
ishing tool quite naturally performs the required lengthwise
modification of the pinion tooth surface. For computation of the
parameters of design of the gear finishing tool that is required for
finishing a pinion with a specified value of tooth surface modifi-
cation, an advanced approach (Ref. 20) developed by the author
could be applied.

The gear finishing operation can be performed simultane-
ously with gear deburring. In order to perform gear finishing
during the deburring operation, it is required to provide the
supporting screens with cutting edges. It is also convenient to
orient the cutting edges in the direction parallel to the axis Or.

Loading and unloading of the gear-finishing machine can
be performed very easily. In order to load the pinions to be
finished, a bunker (not shown in this article’s figures) can be
applied. Unloading the pinions could be performed by
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another bunker, which is also
not shown in previous figures.
The simplified loading/unload-
ing of the gears into and out of
the gear finishing machine

results in easy automation of
the gear finishing operation,
which is critical for the mass
production of gears for the
needs of the automotive indus-
try. This approach, which is sim-
ilar to that listed previously (See
Fig. 2, and Fig. 3), could be
applied for the operation of
enforcement of the pinion tooth
surface-by-surface plastic defor-
mation (Ref. 21).

In order to feed the pinions to
be finished onto the gear-finish-
ing tool, the threads of the driv-
ing worm 4 can be designed in
the form of a spring (Ref. 22).
One end 10 of the spring-like
thread is rigidly connected to the
body of the driving worm (Fig.
4). Another end 11 of the spring-
like thread is rigidly connected to
the ring 12. The ring 12 is installed onto the driving worm with
the possibility of turning about the axis relative to the body of
the driving worm. It can be fixed in a proper angular orientation
relative to the body of the driving worm.

Turning the ring 12 relative to the body of the driving worm
results in a change to the outside diameter of the spring-like
threads. The diameter of the threads
becomes smaller, or larger, depending on
the hand of the threads of the spring-like
threads, and upon the direction, the ring
is turned in.

Each redressing of the worn gear-finish-
ing tool causes an increase in the diameter
of the grinding worm. In order to com-
pensate for this change in the diameter of
the gear-finishing tool, it is necessary to
“unfix” the ring 12, to turn it about the
axis Oy on a certain angle in the proper
direction, and to fix it again in a new posi-
tion that corresponds to the new required
diameter of the gear finishing tool after
redressing. The required changes in the
diameter of the driving worm can be per-
forming gradually, only from time to time,
but another opportunity to control the diameter of the driving
worm is also available.

In order to permanently control the value of diameter of the
driving worm, the ring 12 can be connected to CNC. CNC per-
forms gradual or permanent turning of the ring relative to the
body of the driving worm, corresponding to the change in
diameter of the gear finishing tool, and on the value of its wear
while finishing pinions. The application of CNC makes the

0
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“Adopting these
tools and processes
could enhance
productivity
substantially, espe-
cially in applications
supporting the mass
production of preci-
sion gears for the
automotive industry.”

Figure 6 — To the concept of a method and apparatus for finishing modified pinion
with conical gear finishing tool, and with the conical driving worm.

pinion finishing operation more fragile. Application of the
spring-like threads of the driving worm is especially recom-
mended for applications in the design of multi-thread gear fin-
ishing tools. The driving worm with the spring-like threads
yields equal distribution of feeding forces in the axial direction
of the gear finishing tool, and circumferentially. The approach,
similar to that mentioned previously (see
Fig. 4), could be applied for enforcement of
the pinion tooth surface-by-surface plastic
deformation (Ref. 23).

In order to increase the stiffness of the
gear-finishing machine, the spring-like
threads 13 of the driving worm can be
supported by wedge-like supports 14 (Fig.
5). The wedge-like supports are evenly dis-
tributed circumferentially on the driving
worm (Ref. 24). The top and bottom sur-
faces of the wedge-like supports 14 are
inclined and make a certain angle with the
axis of rotation Oy, of the driving worm.
These surfaces interact with the conical
surface 15 of the body of the driving
worm, and with the conical surface 16 of
the lower support 17.

The body of the driving worm can shift up and down
along the axis of rotation O,, of the driving worm. The lower
support 17 remains motionless in the axial direction of the
gear-finishing machine. The axial motion of the body of the
driving worm results in the corresponding motion of the
wedge-like supports 14 in a horizontal direction. Due to
this, the diameter of the spring-like threads 13 changes in a
suitable manner.
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Figure 7 — Operation of chamfering of spur and helical gears.

A change in the diameter of the spring-like threads 13 cor-
responds to the change in diameter of the gear finishing tool
caused by wear, and due to the periodic redressing of the
gear finishing tool. Shifting of the driving worm body can

be performed gradually, or permanently from CNC. Again,
the application of CNC makes the pinion finishing opera-
tion more fragile.

The pinion to be finished can be fed onto the gear-finish-
ing tool with the application of the conical gear finishing
tool and the conical driving worm. Both of these elements—
i.e. the conical gear-finishing tool and the conical driving
worm—can be generated with the same auxiliary phantom
rack & (Ref. 25). The pitch cone angle 07 of the gear-finish-
ing tool (Fig. 6), and the similar pitch cone angle 6,, of the
driving worm are equal to each other (81 = 6,,). Shifting the
conical driving worm up and down results in a change of
width of the room for the pinion to be finished, and in such
way feeds the pinion onto the gear-finishing tool. Again, the
shifting of the driving worm body up and down can be per-
formed gradually, or permanently from CNC.

In order to increase the productivity of the gear finishing
operation, a multi-thread gear finishing tool and a multi-
thread driving worm are recommended. The multi-thread
gear finishing tool and the driving worm are longer in their
axial direction. Thus, not one, but several pinions could be
finished in each chamber simultaneously. Due to this, an
immense increase in the productivity of the gear finishing
operation is made possible.

Additional flexibility of the pinion finishing operation can be
achieved by connecting the driving worm to the body of the
gear-finishing machine not rigidly, but by means of an elastic

High Performance

Spur and Helical Gears up to 10" diameter
Shaping, Hobhing & Gear Grinding
Palloid, Spiral Bevel & Hypoid Gearing
Gear Assemblies
Custom Machining

Testing & Inspection
0.D./ 1.D. Grinding

2119 FM 1626 * Manchaca, TX 78652
Ph: 512-292-9148 « Fax: 512-280-0678 * Email: hpg@randolphaustin.com ¢« www.hpgear.net

22 GEAR SOLUTIONS DECEMBER 2004 .

gearsolutionsonline.com



Figure 8 — Design of a chamfered gear tooth.

Chamfers

element—for example, by means of a spring 18 (Ref. 26). Application of
the elastic element 18 yields a stabilization of force that feeds the pinion
to the threads of the gear-finishing tool. In order to enhance the interval
of change width of the room for the pinion to be finished, the axial pitch
of the opposite sides of the thread profile of the driving worm and/or
gear finishing tool can be made unequal to each other (Ref. 26).

Genter-Less Ghamfering
of Spur and Helical Gears

The gear chamfering operation is sometimes difficult to
perform efficiently. The gear chamfering process is usual-
ly performed with a gear hob of special design (Ref. 14),
and the productivity of this machining operation is usu-
ally low. It simply doesn't fit the needs of mass produc-
ing gears for the automotive industry.

The approach and apparatus previously described,
which have been developed for finishing the crowned
pinion, can be expanded to chamfering spur and heli-
cal gears. In order to machine chamfers, the support-
ing screens are made of an asymmetrical shape (Fig.
7). The application of supporting screens of an asym-
metrical shape results in the pinion face at which the
chamfer has to be machined shifting from the gear
finishing tool axis Oy at a certain distance H. The
parameters of design of the chamfer (Fig. 8) to be
machined depend upon the distance H. By varying
the distance H, any desirable chamfer angle and other
parameters of the chamfer can be machined.

For chamfering both pinion faces, two consequent
pieces of the gear finishing machine tool are
required. Otherwise, after machining one face of the
gear, it is required to return it for machining the
opposite face in the same chamber, or in the similar
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Figure 9 — Examples of design of a gear

with chamfered tooth. chamber, shifted opposite to the first one. The proposed approach allows for the

pinion chamfering of any desirable design (Fig. 9).

The problems associated with chamfering spur and helical gears have long chal-
lenged both scientists and engineers alike. The method and apparatus reported in
this article resolve this complicated engineering problem, and will be of practical
value to gear manufacturers.

Active Profile Top Land

Several methods and apparatus for the center-less finishing of crowned gears have been
reported in this paper. The examples listed (Ref. 19, 21-26, and many others not men-
tioned) clearly prove the feasibility of this process in the mass production of gears for the
needs of the automotive industry. The finishing of crowned pinions can be performed
simultaneously with chamfering of the pinion tooth at one and/or both sides. According
to the proposed method, any desirable combination of chamfers can be machined. The
feasibility and high productivity of chamfering is also made evident in this article. All of
these methods and apparatus allow easy loading of the pinion and unloading them to a
bunker. Fasy loading/unloading of the pinions substantially simplifies the automation of
Chamfer the gear finishing operation, and the gear chamfering operation as well. Adopting these
tools and processes could enhance productivity substantially, especially in applications
supporting the mass production of precision gears for the automotive industry. [
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and utilizing the latest innovations enables us to continuously
improve our quality and reliability at competitive prices. Our complete
machining and gear cutting capabilities provide for effective processing
and quality control, as well as reduced lead times. And with our new
climate-controlled gear grinding room, we are able to validate the
quality and precision of the gears we produce.

C-B EEHI‘ & Machine, Inc.

OONEY ROAD * HOUSTON, TX 77093
281-449-0777 FAX 281-590-9127

EMAIL US AT SALES@CBGEAR.COM

OR VISIT OUR WEBSITE AT WWW.CBGEAR.COM

gearsolutionsonline.com .

The
Source
for
High Performance
Castings

'Ductilo.'-lron, Meehanite®, Gray Iron
ADI and High Silicon Ductile

* Full Service Jobbing Foundry

* Prototypes to Medium Production

* Nobake Castings 500 to 40,000 lbs
+ Green Sand Castings up fo 500 Ibs
* Pattern Shop On Site

+ Complete Layout Facilities

Quaility You Can Count on Today . . . and Tomorrow

WMV oo

338 South Main St., Cedar Grove, Wl 53013
Tel. (920) 668-8526 Fax. (920) 668-8998
E-mail: winmcnind@aol com Web Site: www.willmanind.com
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