GEAR DESIGN: -

Breaking the status quo

Traditional gear design limits the
performance of mechanical drives.
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Invention of the gear-hobbing process about
150 years ago revolutionized not only gear fabrica-
tion, but also gear design. Basically, a hob or shaper
cutter traverses the gear blank to generate teeth.
The advantage is that one gear-generating tool can
machine gears with different numbers of teeth. And
gears made by the same tool work together, which
provides interchangeability and low tool inventory.

Hobbing also simplifies gear design. Parameters
such as diametral pitch or module, profile angle, ad-
dendum, whole depth, and fillet-radius proportions
define the cutting edge of the hob, called the generat-
ing gear rack. Over the years, these dimensions were
standardized and became design parameters. Thus,
14.5°, 20°, and other basic gear racks serve as a start-
ing point and foundation for gear design. Engineers
need only calculate the diametral pitch or module for
an operating load and then let the standard basic
rack define all gear features. For better performance
(higher efficiency, load capacity, and so on), stan-
dards recommend addendum modifications
(X-shifts). It sounds like a near-perfect system.

However, this makes gear design indirect, as gear
geometry depends on preselected, typically stan-
dard, basic gear racks. Times have changed. There
is a clear trend toward custom gears that outper-
form standard versions, and interchangeability is of-
ten not critical.

Low tooling inventory is also not that important.
Regardless of the manufacturing method, modern
gears require many dedicated cutting and clamping
tools. High-performance gears — aerospace and au-
tomotive, for example — do not
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Direct gear design
optimizes tooth
profiles and
significantly
reduces contact and
bending stresses.
This improves load
capacity, reduces size
and weight, improves
efficiency, and extends
life. The method works
for gears with symmetric
and asymmetric teeth.

racks which provide, for instance, higher pressure
angles or contact ratios.

And custom gears are more economical than
ever. Manufacturing advances mean gear machining
is no longer limited to hobbing or shaper cutting.
Profile cutting, grinding, and broaching are also
widely used. And newer gear-forming technologies
are gaining ground, such as precision forging, cast-
ing, extrusion, powder-metal processing, and plastic
and metal-injection molding. None of these
processes uses traditional rack-generating meth-
ods. However, engineers still generally design gears
based on preselected racks.

An alternative method, called Direct Gear Design,
does not use toolingrack parameters. Instead, it de-
fines gear shape based on required performance

use standard basic racks for de-
sign. Instead, they rely on custom
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and operating conditions — as is
the case with most other mechani-
cal components.
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Gear-tooth profiles

External tooth Internal tooth

DIRECT GEAR DESIGN

The idea is not new. Centuries ago, engineers suc-
cessfully defined gear geometry based on required
performance and operating conditions. Then they
made gear drives that matched this geometry. It is
important to note that gear geometry was defined
first and manufacturing processes and tool parame-
ters were secondary. This is the essence of direct
gear design and just the opposite of today’s stan-
dard practice. '

Direct Gear Design has been developed for invo-
lute gears and is based on the Theory of Generalized
Parameters, (Gears with improved characteristics,
E.B. Vulgakov, Mashinostroenie, Moscow, 1974.) It
involves an application-driven gear-development
process with emphasis on maximizing performance
and cost efficiency without concern for predefined
tooling parameters.

There is no need for a gear rack to describe the
gear-tooth profile. Two involutes of the base circle,
the arc distance between them, and tooth-tip circle
describe the gear tooth. If two involutes belong to
two different hase cir-

Basic tooth
profiles are
shown with
the fillet
portion in
red.
Subscripts d
and c are
for the drive
and coast
flanks of
the
asymmetric
tooth.

External asymmetric tooth
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The gear ratio u = n/n»; and the involute profile
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STRESS REDUCTION

Number of teeth 15 20 30 50 80 120
Bending stress reduction, %  Full radius20°rack 6 10 10 10 10 10 ) ) L i
Optimized fillet 25 93 21 21 21 A Direct design optimizes the fillet

profile to minimize bending-stress
concentration. The initial profile is a
trajectory of the mating gear-tooth
tip in the tight (zero-backlash) mesh.
Then FEA and random-search meth-
ods refine the fillet to minimize bend-
ing stress. They also minimize radial

The table illustrates typical bending-stress reductions using a full-radius
rack, and with a fillet profile optimized by direct design. Bending stresses are
compared to those in a standard 20° rack for gears with different numbers of
teeth. The involute portion of the tooth profile is the same. The full-radius
rack reduces bhending stress by ahout 10%. Fillet optimization reduces stress
more than 20%. Complete tooth-profile optimization (involute and fillet)
reduces hending stresses even more.

clearance with the mating gear tooth

angle at the tooth tip diameter «, = arccos (d»/d..).
The “inv” term refers to the involute function of
an angle x, where invx = tanx — x and the angle is
in radians.

For metric gears, the operating module m,,
= 2a,,/(n» + n,). For English units, the operating di-
ametral pitch p,, = (n, + n,)/2a,,. The “+” symbol in-
dicates external gearing; “-" is for internal gearing.

Engineers must define the tooth-fillet profile to
completely describe nominal gear geometry. In tra-
ditional gear design, cutting-tool trajectory in gener-
ating motion defines the fillet profile. The most com-
mon way to reduce bending-stress concentration is
by using a full-radius generating rack. In some cases,
a parabola, ellipsis, or other mathematical curve
forms the generating rack tip. These approaches
have limited success in reducing bending stress,
which depends on the generating rack’s profile an-
gle and number of gear teeth.

while preventing interference for
worst-case tolerances and operating conditions.
Direct design also maximizes curvature radius,
evenly distributing bending stress along a large por-
tion of the fillet and reducing stress concentration.
The resulting profile depends on the mating gear
geometry and differs for external and internal gears
and gear racks. However, the profile does not signifi-
cantly depend on load levels and application points.
If the gear meshes with several different gears, such
as the planet gear in a planetary stage, its optimized
fillet profile prevents interference with any gear.

CUSTOM GEARS

Direct gear design is suited for all kind of involute
gears, including spur, helical, bevel, worm, and face
gears, as well as rack and pinions. Helical, bevel,
and worm-gear tooth profiles are typically opti-
mized at a section normal to the tooth line at the
pitch circle. Face gear fillets vary in every section

Improving gear performance
Lower contact stress Higher mesh efficiency

Fillet generated by Fillet generated by
standard 20° rack standard 20° rack
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The graphs
present stresses
and efficiencies
of gears with
constant center
distance a,, =

60 mm; face )
width bH=10 mm;
and driving torque
T =50 Nm — bhut
with different
fillets. Data show
that for gears with
the same bending
stress level, those
with an optimized
fillet have finer
pitch (smaller
module) and more
teeth. This reduces
contact stresses and increases mesh efficiency. Gears with optimized fillets also have lower contact
temperature, thicker hydrodynamic oil film between teeth, and higher wear resistance.
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along the tooth line; therefore direct design opti-
mizes the profile in several sections and then
blends it into the fillet surface.

Gears with asymmetric teeth are naturally suit-
able for direct gear design because there are no
standards for asymmetric generating racks. Asym-
metric gear teeth improve performance in the pri-
mary drive direction by degrading performance in
the opposite, coast direction. The coast tooth pro-
files are unloaded or lightly loaded during relatively
short work periods.

The main advantage of asymmetric gears is that
they reduce contact stress, resulting in higher
torque density (load capacity per gear size). Also,
direct design determines coast flanks of the teeth in-
dependent from the drive flanks, managing tooth
stiffness while keeping a desirable pressure angle
and contact ratio on the drive profiles. This reduces
gear noise and vibration.

Direct-designed gears require custom tooling. For
molding, forging, casting, and extrusion, tool-cavity
profiles match the whole-gear profiles, adjusted for
warpage and shrinkage. For profile cutting and

NOMENCLATURE

a, = Center distance

d = Reference circle diameter

d, = Tooth tip circle diameter

d, = Base-circle diameter

d, = Operating pitch-circle diameter

n =Number of teeth

P» = Base-circle pitch

S = Circular tooth thickness at reference diameter
o= Operating pressure angle :
£, = Contact ratio

v = Involute intersection profile angle

grinding, tool profile is the same as a space profile
between neighboring teeth.

For gear-generating processing, the tooling-rack
profile is based on gear geometry. The pressure an-
gle, in this case, is selected to improve machining
conditions. Generating and profile machining can-
not form some fillet profiles. Direct design can ad-
just fillet profiles, trading stress reduction for better
manufacturability.

Now designers can use traditional or direct gear
design. Manufacturing concerns drive traditional
gear design, where interchangeability, low tool inven-
tory, and design simplicity are important. It is gener-
ally for lower-performance drives, such as off-the-
shelf gears, low-volume machined gears, and drives
with interchangeable gear sets.

COMPARING TRADITIONAL AND DIRECT DESIGN

Traditional design with Direct gear design with

Design method full-radius 25° rack complete tooth-profile optimization

' Symmetric, Asymmetric,

Symmetric Asymmetric high-contact ratio high-contact ratio

Gear Pinion Gear Pinion Gear Pinion Gear Pinion Gear Pinion Gear
Number of teeth 21 49 27 49 27 49 27 49 27 49
Module, mm 30 3.0 3.0 3.0 3.0
Drive pressure angle, degrees 25 25 32 20 24
Coast pressure angle, degrees 25 25 18 20 16
Drive contact ratio 15 1.5 15 2.06 2.06
Pitch diameter, mm 81 147 81 147 81 147 81 147 81 147
Tooth thickness, mm 498 4.34 4.98 4.34 4.98 4.34 4.98 4.34 4.98 4.34
Face width, mm 32 30 32 30 32 30 32 30 32 30
Driving torque, Nm 300 — 300 — 300 — 300 — 300 —
Contact stress, MPa 976 976 887 822 777
Contact-stress difference, % — — -9 -16 21
Bending stress, MPa 196 198 167 167 171 171 128 125 130 128
Bending-stress difference, % — — -15 -15 -13 -13 -37 -37 -34 -35

This table presents data for a traditionally designed gear pair with bending stresses balanced by addendum
modification, and generated by a full-radius 25° rack. Results are compared to similar gear pairs created by direct
design for various tooth profiles: symmetric, asymmetric, and with conventional and high-contact ratios. This
illustrates the potential benefits of complete tooth-profile optimization in terms of contact and bending stress
reduction. AKGears has successfully used Direct Gear Design in more than 100 mechanical transmissions for
aerospace, automotive, agricultural, medical, and other applications.
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Direct gear design is applica-
tion driven, when performance is
critical. It is for custom gear

critical and extreme applications,
such as in aerospace, automotive,
and racing-gear transmissions.

drives and beneficial for mass-

production, molded, forged, cast, | MAKE GONTACT

and powder-metal gears. It maxi- | AKGears LLC, akgears.com,

mizes gearbox performance for | (651) 308-8899.
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A glossary of gear terminology

Gearing has a language all its own. Here’s a quick review of some of

the basie terms.

Addendum. The height of the tooth above the pitch circle.

Base circle. The imaginary circle used to generate the involute.

Center distance. The distance between axes of mating gears.

Dedendum. Radial distance between pitch circle and root circle.

Diametral pitch. The ratio of the number of teeth to the pitch diam-
eter in 1/in.

Fillet profile. The curve that connects the involute tooth profile at
the root area.

Full radius rack. A generating rack with full-radius addendum (the
top land is zero).

Involute curve. A curve described by the end of a line unwound
from the circumference of a circle.

Meodule. Pitch diameter in millimeters divided by the number of
teeth.

Pitch circle. The circle which intersects the involute at the point
where the pressure angle equals the profile angle.

Pressure angle. The angle between the line of action and a line tan-
gent to the pitch circle.

Profile angle. Angle between a tangent to the involute tooth profile
and the radius from the gear axis to the tangent point.

Reference circle. Can be any circle that intersects the involute
tooth profile.

Tooth-tip circle. Circle that describes the tooth-tip lands.

Whole depth. The total depth of the tooth, the addendum plus the
dedendum.

Root circle
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