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For demanding applications where custom gearing is 

required, the Direct Gear Design method may be just the 

approach you’re looking for. This article presents an 

in-depth explanation of this exciting process.
By Alexander Kapelevich 

TThis paper presents a unique methodology for designing gears to 
enhance strength and life while allowing size and wear reduction. 
This new approach, trade named Direct Gear Design (DGD), optimizes 
the gear geometry to impart superior drive performance versus 
traditional gear design methods. This paper explains this alternative 
approach and demonstrates its effectiveness for high performance 
gear transmissions. 

Introduction
Traditional standard gear design [1] is based on basic (or generating) 
gear rack. Parameters of this basic gear rack such as a profile angle, 
addendum, whole depth, and fillet radius proportions were standardized 
and used as input gear design parameters. The 20° pressure angle or 
other basic gear racks became a starting point and foundation of gear 
design. This made gear design indirect depending on pre-selected, typi-
cally standard, basic gear rack parameters. Major benefits provided by 
traditional gear design approach are gear interchangeability and low tool-
ing inventory. For better gear performance (higher efficiency, load capac-
ity, etc.) there are addendum modifications (or X-shifts) recommended 
by standards. However, selection of the standard basic rack imposes 
certain limitations on gear performance because, in this case, all pos-
sible gear solutions are inside the so-called block-contours [2]. In order 
to improve gear performance beyond the block-contour limit, the non-
standard basic rack or individual basic racks for the mating gears should 
be considered. Besides, there is a clear trend to gear customization and 
interchangeability of gears is not very critical anymore. Low tooling inven-
tory is not that important, either. Leading gear applications (aerospace 
and automotive, for example) do not use the standard basic racks for 
gear design, replacing them with the custom racks (with increased pres-
sure or contact ratio, for example), providing higher gear performance.

The gear generating fabrication process (or hobbing), which uses the 
generating rack as a cutting edge of the tool, is not so dominating any 
more in gear production. Gears are also made by profile cutting, grind-
ing, broaching, etc. There are many gear forming technologies, such 
as precision forging, casting, and extrusion, powder metal processing, 
plastic and metal injection molding, etc. All these technologies do not 
use the gear generating method. However, they are used to make gears, 
traditionally designed based on pre-selected gear racks. The proposed 
alternative Direct Gear Design method does not use the basic rack 
parameters. It uses desired performance parameters and operating 
conditions to define gear shape.

The idea of Direct Gear Design is not new. Ancient engineers success-
fully used it centuries ago. They used desired gear performance and 
known operating conditions to define gear geometry. Then they made 
gear drives to this geometry using available materials, technology and 
tools. It is important to note that the gear geometry was defined first. 
In other words gear parameters were primary, and the manufacturing 

process and tool parameters were secondary. This is the essence of 
Direct Gear Design.

This design approach is developed for involute gears and based on the 
Theory of Generalized Parameters created by Prof. E.B. Vulgakov [3] and 
can be defined as an application driven gear drive development process 
with primary emphasis on performance maximization and cost efficiency 
without concern for any predefined tooling parameters.

Gear Tooth and Mesh Synthesis
There is no need for a basic (or generating) 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 (Fig.1). The equally 
spaced teeth form the gear. The fillet between teeth is not in contact with 
the mating gear teeth. However, this portion of the tooth profile is critical 
because this is the area of the maximum bending stress concentration.

Two (or more) gears with the equal base circle pitch can be put in 
mesh (Fig.2). The operating pressure angle αw and the contact ratio ε

α
 are 

defined by the following formulae [3, 4]:

For external gearing
αw = arcinv [(inv ν1+ u * inv ν2 – π/n1) / (1 + u)], 
εα = n1 * [tan αa1+ u *  tan αa2 (– 1 + u) * tan αw]/ (2*π).

For internal gearing
αw = arcinv [(u * inv ν2  – inv ν 1) / (u – 1)], 
ε

α
 = n1 *  [tan αa1–u *  tan αa2+ (u – 1) *  tan αw] / (2 * π).

Where 
u = n2 / n1 is the gear ratio;
αa = arcos (db/da) is the involute profile angle at the tooth tip diameter.

For metric system gears the operating module is mw = 2 * aw / (n2 ± 
n1). For English system gears the operating diametral pitch is pw = (n2 ± 
n1) / (2 * aw ). The “+” is for the external gearing and the “-” is for the 
internal gearing.

Fig 1: Tooth profile 
(the fillet portion 
is red); a—external 
tooth; b—internal 
tooth; d

a
—tooth tip 

circle diameter; d
b
—

base circle diameter; 
d—reference circle 
diameter; S—circular 
tooth thickness 
at the reference 
diameter; ν—involute 
intersection profile 
angle. 
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Tooth Fillet Profile Design and Optimization
In order to complete the nominal gear geometry description, the tooth fillet 
profile should be defined. In traditional gear design the fillet profile is a tra-
jectory of the tool cutting edges in generating motion. The most common 
way to reduce bending stress concentration is using the full radius gener-
ating rack. In some cases the generating rack tip as formed by parabola, 
ellipsis, or other mathematical curves. All these approaches have limited 
effect on bending stress reduction, which depends on the generating rack 
profile angle and number of gear teeth.

In Direct Gear Design the fillet profile is optimized in order to minimize 
bending stress concentration. The initial fillet profile is a trajectory of 
the mating gear tooth tip in the tight (zero backlash) mesh. The FEA and 
random search method are used for fillet optimization [5]. The calcula-
tion process results with forming the optimized fillet profile that provides 
minimum achievable bending stress. This fillet provides the minimized 
radial clearance with the mating gear tooth, excluding interference at worst 
tolerance combination and operating conditions. It also has the maximized 
curvature radius, distributing the bending stress along a large portion of 
the fillet, reducing stress concentration (Fig. 3). The shape of the opti-
mized fillet profile depends on the mating gear geometry. It would be very 

different if the same gear 
were in mesh the external 
gear, or the internal gear, or 
the gear rack. However, it 
practically does not depend 
on the load level and load 
application point. If the 
gear is in mesh with several 
different gears, like in the 
planetary stage for exam-
ple, its profile is optimized 
to exclude interference with 
any gear.

Table 1 presents bend-
ing stress reduction, achiev-
able by the full radius rack 
application and by the fillet 
profile optimization in com-
parison to the standard 20° 

Fig 2: Gear mesh; a—external gearing; b—internal gearing; 
a

w
—center distance; p

b
—base circle pitch; α

w
—operating 

pressure angle; ε
α
—contact ratio; d

w1,2
—operating pitch 

circle diameters; subscripts “1” and “2” are for the mating 
pinion and the gear.

Fig 3: Bending stress distribution along 
the fillet; a—the standard AGMA 201.02 
20 degree rack generated fillet; b—the 
full radius 20 degree rack generated 
fillet; c—the optimized fillet; d - three 
fillet overlay.
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and 25° rack for gears with differ-
ent number of teeth. The involute 
portion of the tooth profile is the 
same.

The graphs in Fig. 4 present 
stresses and efficiency of the 
gears with different fillets, the 
constant center distance aw = 60 
mm, the face width of both gears 
b = 10 mm, and the driving torque 
T = 50 Nm. The graphs show that, 
if the gears with the standard and 
optimized fillet have the same 
acceptable bending stress level, 
the gears with optimized fillet 
have finer pitch (smaller module) 
and higher number of teeth. This 
results with contact stress reduc-
tion, because of the increased 
contact ratio and increased mesh 
efficiency.

Bending Stress Balance
Mating gears should be equally 
strong. If the initially calculated 
bending stresses for the pinion 
and the gear are significantly 
different, the bending stresses 
should be balanced [5].

DGD defines the optimum 
tooth thickness ratio Sw1/Sw2 
(Fig. 3), using FEA and an itera-
tive method, providing a bending 
stress difference of less than 1 
percent. If the gears are made 

out of different materials, the bending safety factors should be balanced.
Direct Gear Design is applicable for all kind of involute gears: the spur 

gears including, external, rack and pinion, and external, helical, bevel, 
worm, face gears, etc. The helical, bevel, and worm gear tooth profile is 
typically optimized in the normal section. The face gear fillet is different 
in every section along the tooth line. Therefore its profile is optimized in 
several sections and then is blended into the fillet surface.

Gears with Asymmetric Teeth
Two profiles (flanks) of a gear tooth are functionally different for many gear 

Fig. 5: Balance of the maximum 
bending stresses

Fig. 4: a—contact stress reduction; 
b—increased mesh efficiency.

Table 1
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drives. The workload on one profile is signifi-
cantly higher and is applied for longer periods of 
time than for the opposite one. The design of 
an asymmetric tooth shape reflects this func-
tional difference. The gears with asymmetric 
teeth (Fig. 6) are naturally suitable for Direct 
Gear Design because there are not standards 
for the asymmetric basic or generating racks. 
The design intent of asymmetric gear teeth is 
to improve performance of the primary drive 
profiles by some degrading performance of the 
opposite coast profiles. The coast profiles are 
unloaded or lightly loaded during relatively short 
work period. 

The main advantage of asymmetric gears is 
contact stress reduction, resulting higher torque 
density (load capacity per gear size). Another 
important advantage is possibility to design 
the coast flanks and fillet independently from 
the drive flanks, managing tooth stiffness, and 
load sharing, while keeping a desirable pressure 
angle and contact ratio on the drive profiles. This 

allows reducing gear noise and vibration level.
The DGD approach for asymmetric gears is 

the same as for symmetric gears. The only dif-
ference is that the asymmetric tooth (Fig.7) is 
defined by two involutes of two different base 
circles dbd and dbc. The common base tooth 

thickness does not exist in the asymmetric 
tooth. The circular distance (tooth thickness) Sp 
between involute profiles is defined at some ref-
erence circle diameter dp that should be bigger 
than the largest base diameter. 

The asymmetric gear mesh (Fig. 8) presents 
to two different drive and coast flank meshes Fig. 6: Gear with asymmetric teeth

Fig. 7: Asymmetric tooth parameters

Fig. 8: Asymmetric gear mesh

Fig. 9: Tooling profiles; a—profile gear 
machining, b—generating gear machin-
ing, c—gear molding, powder metal 
processing, or casting.

Drop us a line and see what we can do for your application!
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with different pressure angles and contact 
ratios. With asymmetric gears it is possible to 
simultaneously increase the transverse contact 
ratio and operating pressure angle beyond the 
conventional gear limits.

Table 2 presents comparison traditionally 
designed gear pair with the bending stresses 
balanced by addendum modification, gener-
ated by the full radius 25° rack with similar 

gear pairs created by Direct Gear Design with 
different tooth profiles: symmetric, asymmetric, 
with conventional and high contact ratio. This 
table illustrates the contact and bending stress 
reduction as a result of complete tooth profile 
optimization.

Tooling for Directly Designed Gears
The optimized gear profiles require the custom 
tooling. For profile machining process (Fig. 9a) 

the tool profile is the same as a space profile 
between the neighboring teeth. For generating 
machining process like gear hobbing (Fig. 9b) 
the tool profile is defined by reverse genera-

Fig. 10: An automotive gearbox that 
works in an under-the-hood environ-
ment with a temperature range of -48°C 
to +135°C. Initially, it was designed with 
machined metal gears, then plastic 
gears were considered for cost reduc-
tion. The thermal expansion of the plas-
tic gears, the powder metal pinion, and 
the aluminum housing are very differ-
ent relative to each other. The direct 
designed gears with long and flexible 
teeth allowed for the absorption of 
all dimensional changes related to the 
variable operating conditions.

Fig. 11: The planetary drive for an 
automation application. The goal was to 
provide a high gear ratio (63:1) in one 
planetary stage and high output torque 
in a very limited space. The gear ar-
rangement optimization in combination 
with DGD provided success in achieving 
this goal.

Table 2
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tion, when the designed gear forms the tool-
ing rack profile. The pressure angle, in this 
case, is selected to provide better machining 
conditions. For gear molding, powder metal 
processing, and casting (Fig. 9c) the tool 
cavity profile is the same as the whole gear 
profile, adjusted for warpage and shrinkage. 

Summary
Now gear designers can decide to use 
the traditional or the Direct Gear Design 

method. Traditional gear design is driven by 
manufacturing, when gear interchangeabil-
ity, low tool inventory, and design simplicity 
are important. It is for low expectation gear 
drives. Typical examples are shelf gears, low 
production volume machined gears, gear 
drives with interchangeable gear sets, etc.

Direct Gear Design is driven by applica-
tion, when technical and market perfor-
mance of product is critical. It is for custom 
gear drives. Typical examples are the mold-
ed, forged, cast, and powder metal gears. 

The mass production machined gears, gears 
for critical and extreme applications, like 
aerospace, automotive, and racing gear 
transmissions.

Fig. 12: These crossed helical gears 
are used in agricultural equipment. It 
was possible to replace an old-style 
metal chain drive with a less expensive, 
safe, and maintenance-free plastic gear 
drive and flexible shaft.

Fig. 13: This medical pump demonstrates 
the directly designed flexible asym-
metric teeth that provide a better seal 
between the gears and the housing, re-
sulting in higher output pressure, flow, 
and efficiency.

Fig. 14: In these generator gears, applica-
tion of the asymmetric for the experi-
mental generator gear drive allowed 
for a significantly reduced vibration 
level.
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Conclusion
The presented alternative Direct Gear Design 
method provides complete gear tooth profile 
optimization resulting significant contact and 
bending stress reduction. This stress reduction 
is converted to:
• Higher load capacity
• Reduced size and weight
• Extended lifetime
• Reduced noise and vibration
• Higher efficiency
• Higher reliability
• Reduced cost  
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Fig. 15: The two-stage planetary gear 
reducer of the turbo-prop engine 
TV7-117 (Design Bureau named after V.Y. 
Klimov, St. Petersburg, Russia) for the 
two-engine Ilyushin-114 plane (cur-
rently in production) has all gears 
with asymmetric teeth. Application of 
the asymmetric teeth helped to provide 
very low weight to output torque ratio 
and cut down duration and expense of 
operational development. 
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