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Introduction
De. igning piral bevel and hypoid gea covers

a lot of different aspects. In g neral, the aim i t
minimize gear nois and gear lume as well a to
maximize load carrying apa it . Minimizing
gear volume and maximizing I ad carrying capac-
ity are e pecially conflicted ims, everthele it
i important to de ign a well-balan ed compro-
mise within the e aim .

or practical application, it i ne e ary to
keep the characteri ti . of th running behavior in
a bandwidth defined by as embly toleran es.

vcrything related to th running behavior of
g originate in the meshing operation of the
teeth. Therefore a detailed look into the m hing
operati n with re pect to influence f h u ing
and bearing will be nece

oise B havior and ro nin
In the last few year, veral appr ache have

been publi hed dealing with n ise ptimization
(Refs. 1 and 2). Th re ult of all the e efforts con-
c ntrated on the tran mi i n error and a rea on-
able pitch quality. If the tran mi ion error
e ceeds 8 certain limit, th n i behavi r will not
be acceptable. Th influence the pit h quality i
n t very drastic. Gear with spacing better than

5 will not how ignificant influence on the
pitch error.

Th influence of the hape f the tran mi . n
e r is n t yet fully clear. On pos ibility is to per-
Conna F urier transf nn in rder t separate the first
m h harm nic from higher rde (Ref. 3 .

A Fourier tran f rrn i any periodical function
that can be expre 'sed by a seric of sinusoidal
function : f(x) ; aJ2 + fra, . c . (i •x) + hj• in i
• )J. Thi principle perform: a harm nic analy i .
The coefficients a/ and b, arc called urier coef-

Figure 2- Location of the contact pattern for A and Ml changes. ficien .
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b itract
Optimizing the running behavior of bevel and

hypoid gears mean improving both noi e behav-
ior and I ad carryin cap city. Since load deflec-
tion change the relative po ition of pini nand
ring gear. th po iti n of the c ntact patt m will
depend on th torqu . Different contact po ition
require local 3-D flank form optimization for
improving a gear et.

Thi paper pre nt m thod on flank form
modifications for . piral bevel or hypoid gears.
Flank form modifications applied to generated
g are based on additi nal machining m lions
uperimpo ed on th rolling m tion. Additional

m tions are modified roll, helical motion, vertical
m lion. and h riz ntal m tion. These moti ns are
represented by aay! r serie approach. A Taylor
series is a mathematical development of a function
using polyn rnial fun ti n : f(x) ; ~ a, • (x - Xci
The ind pendent variable is the cradle angle.

In ca e of nongenerated gear, flank form

Figure I-Tooth forces in a hypoid gear set.

a: t\Y •• 0.0 mill
b: v= .1 mrn
c: t\Y= -0.2 111m

l!H= 0.0 mm
t\H= 0.1 mm
l!H:: 0.2 mill

c
b

modifi arion are performed by m chining differ-
ent plunging po iti n continu u Iy. A plunging
po ilion is defined by cradle angle, radial di -
ranee offset machine root angle and sliding ba e.
A cording to the approach used f r generated
gears. th motion are described ao; Tayl r erie
depending on an imaginary Lrictly limited cradle
movement.
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in very m II urfa e defect n the fl
of th gears have a great influen e on higher

rders of th Fourier tran form. thi area will be
of great intere t in the futur (Ref. 3 .

ith conjug te gear t. the unl ad d n-
ta t rea lea h in tant in tim will be a lin and
the tran mi ion error will zernA: th gear
pair roll through me h. the e in tantan u lin

nta ult in a full conta t p tt rn c vering
th wh Ie a tive flank.. e hing c ndition lik
thi are id al for minimum noi . H ver, even
a mall di plac ment of the pini n or ring gear
will hang the full contact pattern into a small
line at th border of the teeth and w uld result in
ani y g et. Figure 3- to 4Vand Ml changes.

Theref re e cry g ar d ign require r n- h I n the left and th r t nth It m.
bl rowning in profil and lengthwi direc- Thi figur h w a bi -in nditi n since

lion f th t eth, The bigger the crownin are, the contact move towards the tip-heel area f the
th maller th tran mi i n error ill han t th ith M/ = - V. If th conta t m ed
t di. pla em nts, but the higher th Iran mi ion toward th root-heel area, the c nditi n w uld
error will be. The mall r th rownin are, the be called bi -out.
. m ther the gear ill run, but th m re en itive Th oth r direction of rotati n i called th
it will be t di pia em nt . c t id and how force in th op ite dire -

ar L ad and Di pia ements tion. For th co t ide, the t th f< r will
In gen ral, load applied to a be el or hypoid increase th hypoid off et V and d r th

gear et influ nee hou ing , bearing , gear m unting di lane H.
ies, haft nd te tho F r a better under tanding, aero eometr onditions
this paper parate two effect of the load. The Even when the detlecti ns are mall numbers,
fi t effect i. a di pIa ment of pini n and ring the po ilion of the conta t pattern will change
gear cau d by t th for e deflecting the pini n dra ti ally. Depending on the diameter of th cut-
haft and th ring gear a cording I th tiffn ter, we get change in th po iti n of th cant t
f bearing. h using and gear bodies, e econd p Item ho n in igur 3.

effe t i th d fl Lion of the flan due to th The influence of the culler diam ter can
load. r ulting in urfa e Ire and r t bending u d to de ign a gear et in en itive t detlec-
tre . ti n. inee the t th force de re th off. I

lthough thi approach implifie the real sit- nd in rea e the pinion mounting di lance, n
uati 0, it. help in understanding th ffects of ptimum f r the cutter diamet r i f und wh n
load. In igure 1 a chemati view of a hypoid the trajectorie for V and Mi e Q clo e to the
gear l i h wn, ' arne a po ible. Dr. Hartmuth Muller

When th pinion rotate counterclockwi .th The optimal culler diameter i given by is managing dire tor nj

can ave pinion flank will dri th c n e ring Dcuner = 2 • Rm• in(~m)' where Rm i th m an research and del' lopm nt
for Klingelnberg GmbH in

gear flank. The force Fp of the pinion' flank will cone di tan e and ~m i th mean piral angle, HIJ keswagen, Germanv: An
creme an answering force F# = F, + Fh f the ring -OfT ign e! rmcai en ineer; M

gear. The vertical c mponent F
l
, ill d re e th Be ide the rnacrogeornetry th hape of the worked jar five years as a

d . , F th f'" rr eorch engirrur of soft·h id ff t V. an the horizontal com nent him t e re n part ptimizing agar
Imrr tool jar microele .

ill in re e th m unting di tan e H. In re ing i e ptirnization i d ne by reducing Ironic at the Universit» of
th m unting di tan e ill pu h the pinion into era ning f r a mooth m hing perati n. ad KarLsroh • Germanv. He
th aring . Theref re thi dire tion f r tati n ptimization needs to inerea e crownings in order joined Klin elnberg. in /990

as a oftware en ineer for
i ealled the rive ide. t a id edg conta t and peak in th r I bend- C C controllers of bevel

different I ali n of the ing tre . gear grinding machines.

depending n and 6H are h A hown earlier, the po iti n f th c nta t Hi main interests are co/-
eulalia", software, machineThi figu chemati ally r presen the ham t r- pattern chang . due to load deflections. Since the
de ign and closed-loop

i ti f r th drive. ide. The coma t pattern in th nta t m ve toward the heel area with increa - technolog 'for gear appli-
ring g ar i. sh wn. The t i Oil th right ide, the ing 1 ad, it i obviou that the unload d c nta t cation.
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Figure 4-Load defined flank areas.

heel

ring gear tip

ring gear root

Figure 5-Slandard ease-off.

heel

ring gear tip

ring gear root

Figure 6-Oplimized ease-off.
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toe

hould be mo ed more toward th toe area. The
phenomena of a load depending p ition of the
contact pattern i used to define different load
area, bown in Figure 4.

The me hing topography i repr eared by th
case-off. The ease-o is th contact eli tan
between two flank me hing, id ally with ut
tran mi i n err r. Figur 5 h w a typical tan-
dard ea e-off, All ther characteri tic . like trans-
mi ion error and size and location of th
unloaded contact pattern, can be d rived fr m th
ease-off. A conjugated gear t ha an e e-off
which equal zero allover th flank.

Optimizing the noi e behavi ri more criti al
under light load conditi n.. The more J ad i
applied, the more the urfac of the flanks will be
defl ted re ulting in a lower level of th tran-
mi si n error. The I wer the load i th m re
important the flank' hape i. f I' n i e emi ion.
Noi e optimizati n will be achieved by introduc-

I ing locally reduced crowning in th toe area.
practical use of thi id a, the ease-o mu t guaran-
tee a mall unloaded tran mi. si n error within a pin-
ion mounting di lance variati n of ±O.05 mm. Thi:
correspond to practical toleran e for the as mbly.

Optimizing the load carrying capacity can be
achieved by introducing locally increased high
crowning in the heel area (Figure 6). The load will
deflect the me rung flan . Thi can be een by
comparing the unload d tran mi ion with th
loaded tran mi ion, applying the arne di pia -
m nt to pinion and ring gear. The high cr wning
will help to avoid edge contact. Edg contact
would result in peak' in th root bending tr
and in peak of th Hertz.ian pre ure di tribution.

odifi d Motion
Modified motion is a principle of changing the

flank's hape locally. It can be applied to pini n
and generated ring ge r . Plunged ring ge n d
a different approach, which i pre ented later.
Since the principl of making all piral el and
hypoid gears i ba: ed on I' lling a plane g ar with
a W rkpiece, it i completely ufficient t con id-
er a virtual machine having a cradle. Modem 5- r
6-axis C C machines just emulate a kin rnatical-
Iy unlimited cradl - tyl machine.

The principle i to use 'mall m tions uperim-
posed on the rolling m ti n. Figure 7 h w the
principle of generating a pini n. The upper irnag i
a front vie in th direction the cradle axi • the
lower is a t p view with the cradle axis in the draw-
ing plane.

The tandard rolling m u n for a pini n r a

toe

Figure 7-Machining parameters.
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generated ring g i given by:

~ = c n t • (a - alii)' I'= con t, r = C n. t,

o = c n t, £ = on t. X = const • (a - am)

Fr f rm m tion are introduced by d v 1 p-
in a Tayl r erie of the i th order around th

nter r I) angle am' ith thi approa h. th
rna hining m ti n I k.s like:

edified Roll:
~ = a~+b~(a - a••> + c~ a - a••>2+ ... + ~a - a•• ()

An ular M li n:
=ar+ b~a-a •••)+ cr<a-a",.>2+." + g~a- am)()

Helical M ti n:
X.= ax +bx a-a ••) + cia-a ••}2 + ... + 8x(a- a"l

Th principIe of the superimposed additi nal
m men v.n in igure . Th lines of n I

lW n ~ I and flank diag nal ver the flanks.
h lin has a c rresponding cradle angl a.
When applying an additional mo ernent by

u ing a high rd r coefficient, we btain a change
th flank' f rm al ng the line of rolling. In c e

of modified roll, th additional angular movement
of the w rkpiece will affect both ide with op -
ite ign. Thi i hown in Figure 9 for the coeffi-

cient f m th ec nd rder ~ up t the ixth
rd r g~ . Th upper left dra in h w the refer-

en e f1 f rm with ut an modifie roll coeffi-

tart roll gl

top roll angle

RefetellCe n

0.=0. •••

4 order 5'" order

cient,
r helical m tion. the rea Ii n on the flank

de pen on the flank angle of th t I. Th big er
the 1001" flank angle i • tb m affe led the
flank f rm will be. ual completing dign u e a
flank angle f about 0° on the insid blade and
a ut 10° for the outside blade . Thi. will re ult in
nearly no effe t n the concave ide and big effect

n th c n ex ide. ing modified roll will ill t
th ide n arl the am. By m ining modi- Figure 10-FIankform modifications using helical motion.

fied r 11and helical m lion. th Cal e- ff f r the th other diagonal line can nly be d n by chang-
drive. ide and the ea. e-off for the c ast sid can be ing the 100)' diameter,
d igned paratel f r ompleting design .. Figure If the gear rati i high en ugh, the ring ge
10 h th effect f helical m ti n c ffici nts are uually mad in a plunging per ti n. In thi
f: m the nd rder ex up to th . i. th rder 87.. case. no rolling perati n i perf rm d. The hape

t I' flank angle on the inside lad is 32°, f the gap corre pond 10 th hape f th tool.
the ut. ide blade angle i. go (Ref. 4). hanging the flank" f rm can done u ing the

odilied rowning Flared Cup~ grinding prin ipl (Re. 5 . The idea
11prin iple h wn in the pre j u, ecti n is t move a grinding wheel whi h h line contact

n ed a r lling m ti n 10 allow fl n f rm modifi- to the gear flank alon the face idth. Thi rno e-
cations. II the m ifi arion w rk diagonally ment permit" defining of Tayl r oefficients and

v r the flank. hanging th ea - alu a) ng uperimposing of additional m vernents when
www.powertfsnsmission.com· www.gesrtechnology.com • GEAR TECHNOLOGY. SEPTEMBER/OCTOBER 2003 57
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Figure 13-Flankform modifications u ing modified crowning.
going through th gap.

Anoth r appr a h i modified crowning. The
basic idea i to u different plunging po ition to
I ally modify limited area f the tooth. Figure
11 'how the cffe t of plunging a ring gear with
two different ma hine root angles.

Machining a ring gear with the first setting will
result in a flank f rrn corre ponding to a Formatef
ring gear. In igure 11, thi i represented by the
thin grid. When the econd machine etting i
applied 10 thi ring gear, we will get a '1 k
r moval in the heel-lip area shown in Figure 11 .

ith thick lin .. When u. ing a modification in the
radial di tance and th angular po ition of the
w rkpiece, th triangular area of modification can
become a. quare, edification in the toe area can
be obtained by changing the rna hine root angle in
th ther direction.

Affecting b th the heel and toe area will be
done by introducing three different plunging po i-
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conca e flank convex flank

Figure ll-Machining a ring gear wuh two different plunging position .

w rk offset

limited cradle interval

Figure J2-Machining parameter for modified crowning.
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ti n. or achieving a mooth tran ilion between
the two are ,it i ufficient to perform a rnooth
machining motion between the different plunging
po iti n . G tting a well- nditioned numerical
y tern. a 'mall cradle movement with a ery
mall rudial di tan i introdu d, ho n in
igurc 12.

With th principle of introducing a very mall
radial di "tan e and a corre pending work off et
and h rizontal etting, we ha e the po ibility of
u ing th Taylor seri approach kn wn from
generated gear. here i no generating proce
even if we introdu ed a limited cradle interval.
Any cradle angle out ide the limited interval will
re ult in fal e ring gear ..

Figure 13 hows the local flank form modifi-
cation u ing two plunging po ilion for modify-
ing the h I area n both flanks in a c rnplering
proc (Ref. 6).

onclusions
N i ptirnizati n and load carrying capacity

have been di ergent aims. Compared to be el
gears. th nta t nditi n for spur and helical
gear d not change dra: tically when load deflects
the gearbox it elf. Th load-cau ed change in con-
tact conditi n for bevel gears need 10 cover the
displaccm nt of ring gear and pinion as well as th
delle tion of the te th themselve . When applying
local 3- flank f rm modification to different
area of th gear' flank, we are able t improve
both the I d carrying cap ity and th n ise emi •
ion of a bevel or hypoid gear set 0

This paper was presented at the International Conference
on GeaTS.h Id March 13-15.2002. in Munich, Germany. It
was al~o published by VDI Verlag GmbH in the confer-
ence's proceedin s, in VDI report 1665. h is republished
here with VOl Verlag's permission.

Ref rene'
J. Wiener, D. "Ortlich 3D Flankenkorrekturen,"
Innovationen rund um Kegelrad, Aachen
Dern n tration Laboratory for Integrated Production
Engineering (ADIT J. Aa hen, Germany. Oct.
18-19.2001.
2. tadtfeld, H. "Der Ultimative Drehfehlerverlauf fur
'ger1iu. chlo. e' Verzahrrungen." lnnovationen rund ums
Kegelrod; ADITE , Aachen, Germany, Oct. 18-19,
2001.
3. Kir h, R. "chlcifhonen piralverzahnter
Kegelrader," lnnovationen rund urn Ke elrod,
ADIT • achen, Germany. t. 18-19,2001.
4. Wiener, D. "Modified Moti n,' FVA-Amriebstech-
nik: 199 .
5. Krenzer, Theod reo "Method of fonning longitudi-
nally urved I th gears." .. Patent 5, ,24, Feb.
18,1992.
6. MOiler. H. "Hartfein-Bearbeitungssy Ierne,"
lnnovationen rund urns Kegelrad, ADITEC, achen,
Germany, March 25-26, 1998.

www.powertrBnsmission.com

http://www.powertrBnsmission.com

