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ba ed on standard tool parameters and u e non-
standard tooth. hapes to provide required perform-
ance for a particular cu tom application. Thi
make finite element analysi (FE ) more prefer-
able than the Lewi equation for bending tre
definition. Thi paper doe not de cribe the FEA
application for compr hen ive tress analy i of
the gear teeth. It present the engineering method
for bending tre balance and minimization.

Tooth ModeUng
The Direct Gear Design method define

parameters of the gear me h to provide complete
geometry of the involute profile of the teeth,
including the base diameter, form diameter, out-
ide diameter, tooth thicknes , tip radii, etc. The

fillet profile initially i defined as a trace of the tip
of the mating gear tooth. Thi kind of fillet profil
is u ed for plastic molded gear (Ref. 3).

The 2-D FEA model in Figure la pre ent a
gear tooth profile that i limited from the ides and
bottom by a constrained border with tationary
node . All other node on the tooth profile and
in ide the tooth contour are movable. The fillet
portion of the tooth profile (where maximum
bending tre i expected) ha equally spaced
nodes with higher den ity (number of node per
unit of profile length) than the re t of the tooth
profile, The node on the involute profile and the
top land are located to have higher density close 10

the fillets and lower den ity in the top part of th
tooth. The number of tootb profile node and the
node density coefficient (ratio of the fillet profile
node den ity to an average node den ity of the
involute and top land profile of the tooth) ar
selected. Fewer tooth profile node and lower node
den ity coefficient yield les accurate stre calcu-
lations. Selection oflarger number of tooth profile
node and high node den ity coefficient provide
a more accurate re ult, but increa e calculation
time. In most case ,SO-l 00 tooth profile nodes and
node den ity c fficients of 1.7 2.5 were u ed.

The tooth load di tribution problem i consid-
ered to define a value, a et of applicati n point
coordinate, and the direction of the force re ult-
ing in maximum bending tre . The friction

Fig. .I-The PEA gear tooth model: a) PEA mesh, b) stress isogram . effect at the contact point ha been ignored. Th
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Nomenclature

center distance
face width
tooththickness ratio
operatingbacklash
outside circle diameter
rootcirclediameter
bending stress geometry factor
bending stress balance coefficient
stress concentration factor
operating pitch diameter runout
bending stresses
operatingpitchdiametertooththickness
torque
operatingpressure angIe
center distance variation
balance tolerance
outside circle diametertolerance
root circle diameter tolerance
tooth thickness tolerance

Subscript
1 pinion
2 gear

Introduction
Bending tre evaluation in modern gear

design is generally based on the more-than-one-
hundred-year-old Lewi equation. Thi equation,
applied with the tre concentration factor Kr
defines the bending tress geometry factor J for
traditionally de igned tandard or clo e-tc-stan-
dard gears. The stres concentration factor Kf i
defined from photoelastic experiment (Ref. I)
for rack-generated gear with tandard tooth pro-
file proportion .

The Direct Gear De ign method (Ref. 2) is not
constrained by a choice of gear tooth profiles

a) b)
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load application point typically doe not exactly
match with a tooth profile node. It i replaced by
a pair of force that are applied to the two clo e t
node above and below the load application point
(Fig. la). The combined load value of tho e
force equal an initial load and di tributed rev r-
al proportional to the di tance between the

node and the J ad application point.
The automatically generated FE me h and

bending stre isograms are hOWD in Figur Ia
and lb.

u

Fig. 2-Bending tress balancing,
Bending t Balan the definition of the fillet pr file that provide

The pinion and the gear typically have differ- minimum bending tre concentration and sati -
ent tooth hapes and face width, and they could be fie certain condition (manufa turability, for
made out of different material or have different example. There are different solution to this
heat treatmen ,etc. In rd r to provid equally problem. They are b d on a curve fitting tech-
trong teeth of the pinion and the gear. th ir maxi- nique h n the trochoid fillet profile, typical for

mum bending tre h uld be balanced. The the rack or mating gear generative method, i
balance condition providing equal bending safety repla ed by a parabola, eUip i , chain line, or
facto for the pinion and th gear i other curve reducing the bending tre . On of

Smul - kb • Smax2 < Os (I) the' elutions, u ing the fitted polynomial curve,
where pre ented in U.S. Patent #6164880 ( ef. 4).
Smaxl and Smax2 are maximum bending tre in Thi paper pre ent the fillet optimization that
the fillet area of th pinion and the gear, bar ed on three major component:
kb i the bending tte balance coefficient • rand m earch method locating fillet poin
reflecting the difference of material pr pertie • trigonomelri function for fillet profile appro -
(allowable tre e) and the number of tooth load irnation;
cycle for tbe pinion and tbe gear, and • A for tre calculation.
Os is the permis ible balan e tolerance (typically An initial fillet profile i the trace of the mat-
Ie s than 1%). ing gear tooth. Thi profile i the border limiting

In order to ati fy the condition of Equation I, the optimization earch area from the top to avoid
the bending tre balance FEA program change interference with the mating gear. The first and
the tooth thickne ratio the last fillet point lay on th form diameter cir-

II= S.,,/Sw2 (2) cle and cann t moved during an optimization Dr. Alexander L.
where proce . The random earch method is moving Kapelevich
Swl and Sw2 are tooth thickne e on operating the fillet n de (e cept first and last) along the is an owner of the consult-

pitch diameters (Fig. 2). beam that pa through the fillet center and the ing firm AKGear UC,
For gear that are de igned u ing the tr dition- node of the initial fill t profile ( ee Fig. 3). The developer of modem Direct

Gear DesignSloI methodology
al tool parameter approach, the tooth thickne se center of the fillet i the center of the be t-fitted and so/twa". He has oller
Swl and S,,'2 are changed by moving the tooling circle. The bending tresse are calculated for 20 years 0/ experience in

ra k profi\e in or out of th center of the gears. every new fillet point's combination. The pro- Ihe development of aviation
and commercial gear trans·

Direct Gear De ign change the tooth thickne e gram analyzes succe sful and un ucce ful teps, mi sions. He can be reached

Swl and S"'2 while keeping certain condition, finding the direction of altering th fillet profile by e-mail at

uch as the con tant tooth top land thickne e or to reduce the maximum bending tr . The nurn- ak@akgears.com.

the equal maximum pecific Iiding velocitie for ber of it ration tep (or optimization time) i Dr. Yuriy V.
the pinion and the gear. etc. The fillet profile, in limited. xten ive te ting of thi program ShekhtJilan
thi ca e. are till defined as trace of th tip of allowed defining the et of random earch param- is an expert in mathematical

the mating gear teeth. eters that provide ali fying olution for all po _ modeling and stress analysis
with 30 years of experience.ometime the bendingtres balance could be ible combination of gear pararnet IS. The ran- A oftware developer for

compromised 10 impro e the perf rmance parame- dom nature of thi method doe not repealed!y give A KGears UC. he created a

ters that ba e higher priority for particular gear ab Jutely identical re ults for the ame t of gear number of computer pro-

application (higher efficien y. lower noise, etc.). parameters and number of iteration tep . The pro- grams baud on FEA and
other numerical methods.

Bending t • ization gram w adju ted to provid the maximum bend- He can be reached b e.

Bending Ire minimization i the re ult of ing tres difference f r repeatable cal ulation not to mail at)' @akg~ar. .com.

wWw.powBrtransm;s:s;on.com. www.geartBchnology.com· GEAR TECHNOLOGY. SEPTEMBER/OCTOBER 2003 45

mailto:ak@akgears.com.
http://wWw.powBrtransm;s:s;on.com.


a.. th ab olute minimum center di tance that
w u ed for bending stre balance and fillet opti-
mizati n,
roJ and rcJ2 are the operating pitch diamete •
run ut of the pinion and the gear,
hlmon i minimum normal operating back! h,
a ••.h'< i the pre ure angle that w u ed for bend-
ing tres bal n e and fillet optimizati n,
&I••.is the nter di tance variation relat d to other
factors like the maximum tooth alignrn nt varia-
ti n (including the shafts' misalignment), the
bearing radial play, thermal expan ion, etc.,
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b)

Fig. 3-Fillet profile optimization; a) random
me I, around the optimized fillet.

Table 1-fillet optimization of standard rack-generated gears.

Pressure angle, 0 20 25 28
Diametral Pitch, 1(In. 10 10 10
Addendum. in. 0.1 0.1 0.09
Whole depth. in. 0.22 0.22 0.198 -
Tool tip radius, in. 0.03 0.03 0.0348
Pinion Torque. ln-lb, 200 200 200--

Pinion Gear Pinion Gear Pinion Gear
Number of teeth 12 41 12 41 12 41
Tooth tip radius. in. 0.015 0.015 0.015 0.015 0.015 0.015
Face WIdth, in 0.5 0.5 0.5 0.5 0.5 0.5

Bending Standard_ . 28.890 20.460 ~930 18.560 20,440 17,OlKl

Stress Balanced 22,180 22.010 19.!KXl 19.800 18,330 18,1~
(psil Optimized 16,!KXl 16,870 16.140 16.110 15,820 15,670

a b

c d

Fig. 4-Bellding stress concentration for tile balanced traditionally de igned
( tandard tool parameters) gear patr. Da lied line is tile form circle; dotted line
is tile trajectory of tile mating gear tooth; thick line is the stress concentration
area; a and b are the 12-tootll pinion profile before and after optimization,
re pectivet, ; c and d are the 41-lootll gear profile before and after optimization,
respeetivel .

Fig. 5-FEA mesh and stress isograms for asymmetric toot".

xc ed 2%. The fillet hapes for th cases are
lightly different. ptimization of the pinion and th

gear fillet prom can ult in bending tre differ-
nc . e ceeding the penni ible baJance toleran e

S. In thi. ca • the tooth thickness ratio should be
djusted

uopt = c, · Sm /Smul (3)
and th ptimization proce hould be repeat d.

Table I h w the results of the fillet ptimiza-
ti n f gear de igned by the traditional tandard
ra k g nerati e method. The generating rack pro-
me with 25° and 28° pre ur angle pr id a
much lowe level of maximum bending tre

mpared to th tandard 20° generating rack.
a re ult th fillet optimization of the high-pre -
sure-angle gear t th profile give Ie ignifi-
ant relative bending stress reductions than for
tandard 20° gear teeth. Figure 4 how the bend-

ing Ire concentration before and after fillet pro-
file plimizati n. The optimized fillet ham re
ven bending. Ire di tribution along it profile

compared to the ftllet of the tandard rack-gener-
ated ear.

Fillet ptimization pro ide maximum bending
stres reducti n for gears with asymmetri te th
(Ref". 5 and 6) as well. Optimized asymmetric-
t th A mesh and stres i ograms are hown in
Figure 5.

Tolerancing
h nding stre s balance and the fillet opti-

mizati n are calculated for the pair of gears at the
t th profile' maximum material condition and
ab olut minimum (counting on maximum ge
runout and th ir mi aJignmen center di tan e
in th zero backl h m h.
The specified center distance i :

G ••min = G ••-abs + (roJ + ro2)12 + bimi/

a ••""", = 0".+ 1'Ja,j2
aw = a,,'IIOlll + linfl (4)

where
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UllUDJI

Direct Gear De ign uses f r bending tre
001 Pro 0 itio valuati n becau the wi equation and i relat-

Th gear manufacturing proce s dri e th tool ed coeffi ien do not provide a reli ble lution t
de ign fJI'St fall. Th mo t common gear manu- the wid ariety of non- tandard gear tooth profil
facturing pes. e ar gear machining and gear that could be con. idered.
forming. Bendin tre balance allow equalizing the tooth

The gear machining proce use the copying strength and durability for the pinion and th gear.
or generating method . Optimization of the fillet profile allow reduc-

Th pying gear machining method i used f r i iog the maximum bending tre in the g ar tooth
i

milling, fly-cutting, hear- peed cutting, broaching, i root area by I 30%. It wor equally well for
and orm grinding. The tool P file i identical or i th ymmetric and asymmetric gear tooth profiles.
ery clo to the pace profile between neighboring i The bending tre reduction lea to:

i
teeth (for milling and fly-cutting) or the pace i • ize and weight redu lion
around all gear t th (f r hear-speed cutting and : • Longer life
broaching). It allow u ing the tooth pep file i • Higher t ad application

I
including th optimized fillet the tool profil . !. 0 t reduction (les expen ive material, beat

Th generating gear machining method i u ed i treatment, etc.)
for bobbing, haper-cutting, and generative grinding. ! • oi an vibrati n reduction, increased efficiency

I
Th tool profil i n t identical to the t th pa e i finer pi~ h. more teeth will result in high r contact

iprofile and can. be defined by the re ersed "gear i ratio for the given center di lance).
forms t I" gen ring method (Fig. 7). The gear i The paper also descri an approa h t th tooth

I
teeth with optimized fillet profile are [in m h i param te 'tolerancing and ~ I P til definition. 0

iwith a generated tool k (for h bing and gen -!
live grinding) r with a gen rated tool gear (for i ~rTownsend, D.P. Dud/~}''s Gear HwtdlJook. McGfllw.lhll. 1991.
haper utting). Th tool p ure angl . sel ted i 2. K pclevich. A.L., and R Ktci. wDi_. r De"", for pur

. and Heheal .• war T«hrwloB)'. ScplemberJOcI r 2002. pp
to provid d irable rna hining conditions. : 29- S.

3, ANSI/AGMA lOO6-A97-1bo/h Proportions for Plasn Gears,
Th gear f rming proce i typical for powd r i ppclld.U F: "Generating G ar Geometry wilhoul Rae :. AGMA,

i Akxnndri, VA, 1997.
metal gears pi tic and metal injecti n m Ided i 4. P\lUey, .T., M.W. Kipling, GoA. MalSOn. D.L. Thurman nd

Th I . i B,W. Avery. "Method for producmg and controlling a fillel onge ,~rged and extruded gears. e [ cavity i car:' S Patem 116164880, 2000.
fi1 F· ) I k "1 the fil b t i . Kapctevich, AL. "Geometry nnd 1&J1 involut pur gpro e 19. ImJ ar 10 gear pro 1 e U i Wllh ymmclric lcetb." M«hanlsm and MDJ:hiM Theory, 21

it i adju. ted f r sbrinkage. hrinkag adjustm nt I ~ 'tt~1rF.~.:~.~ian and A.L Knpclevlcb, "A ymmetnc modi.
depends on the manufacturing meth proce·! lied lear dnv : rcdLX:tion of ooi .• local" lion f c laCt. Imu~

! llOll me-lun. and anal ,- Compuur Mrthod UI Appltrd
parameters. gear hape and material, etc. I Mrchall; s and EngiMrring. 2 . [,sue 1 • pp. 363- 90.
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6a . i the ttl enter di lance tolerance.
[ th param tees' tolerancing i h wn in

igure 6.
minimum material c ndition tooth thick-

ne at the reference diameter i :

S"'I,2nun = wl,2max - Mwpl;J. (5)
where
S. ~__ are th maximum material condition t th

No .41''':\

thickn 0 th pinion or of the gear at the r fer-
ence diameter,
M"'PI.2 i th t th thickne tolerance.
The minimum material condition root and ou ide
diam t are:

drl,2min = drl,2max - Mrl2 (6)
dul•2mut = dal,2ma. - Mal,2 (7)

where
d I 2m and d I ~__ • are the maximum material n-r, ax a ..••'•••
dition r t and out id diarnet rs,
Mrl.~ and Mal.2 are the tolerance f r root and
ou ide diamete .

Fig. 6-Tooth parameters' toleranelng; 1, 2, and Jan Ihe t oth profit at max·
imum, nominal; and minimum material condition .

Fig. 7-Reversed "gear form tool"
rack-type 1001 profile generation; 1-
the gear profile, 2- the tool profil .

Fig. 8-Molding /001 cavity profil
definition; 1-the gear profile, 2-
the cal1iJyprofile.
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