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Design and Stress Analysis of
Low-Noise Adjusted Bearing
Contact Spiral Bevel Gears
An integrated computerized approach for design and stress analysis of low-noise
bevel gear drives with adjusted bearing contact has been developed. The computa
procedure is an iterative process requiring four separate steps that provide: (a) a p
bolic function of transmission errors that is able to reduce the effect of errors of al
ment, and (b) reduction of the shift of bearing contact caused by misalignment. App
tion of finite element analysis permits the contact and bending stresses to be deter
and the formation of the bearing contact to be investigated. The design of finite ele
models and boundary conditions is automated and does not require intermediate
computer programs. A commercially available finite element analysis computer pro
with contact capability is used to conduct the stress analysis. The theory develop
illustrated with numerical examples.@DOI: 10.1115/1.1481364#
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1 Introduction
Spiral bevel gears have found broad application in helicop

and truck transmissions. Design and stress analysis of such
drives is a recent topic of research that has been performe
many scientists@1–10#. Reduction of noise and stabilization o
bearing contact of misaligned spiral bevel gear drives is sti
very challenging topic of research although machine tool ma
facturers have developed analysis tools and outstanding eq
ment for manufacture of such gear drives. The phenomeno
design of spiral bevel gears is that the machine-tool setting
spiral bevel gears are not standardized and have to be spe
determined for each set of parameters of design to guarante
required quality of the gear drives.

A new approach is proposed for the solution of this probl
that is based on the following considerations:

~1! The gear machine-tool settings are considered as g
~adapted, for instance, from the Gleason summary!. The to-be-
determined pinion machine-tool settings have to provide the
servation of assigned conditions of meshing and contact of
gear drive.

~2! Low noise of the gear drive is achieved by application o
predesigned parabolic function of transmission errors of a lim
value of maximum transmission error of 6–8 arcsec. A pre
signed parabolic function of transmission errors is able to abs
almost linear discontinuous functions of transmission err
caused by errors of alignment that are the source of high noise
vibration @4,11#. The authors’ concept of reduction of noise h
been confirmed by test of prototypes of existing design and p
posed design accomplished at NASA Glenn Research Center
test showed that the level of noise was reduced by 18 decibe
the whole amount of 90 decibels and the vibration was reduce
50% at the spiral bevel gear meshing frequencies and its harm
ics @4#.

~3! The provided orientation of the bearing contact has to
duce its shift caused by the errors of alignment of the gear dr

~4! The developed procedure of design is an iterative proc
based on simultaneous application of local synthesis and T
~Tooth Contact Analysis!. The local synthesis provides assign

Contributed by the Mechanisms and Robotics Committee for publication in
JOURNAL OF MECHANICAL DESIGN. Manuscript received December 2000. Assoc
ate Editor: M. Raghavan.
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conditions of meshing and contact at the mean contact poin
tangency of pinion-gear tooth surfaces. The TCA computer p
gram can simulate the conditions of meshing and contact for
entire meshing process.

Finite element method is used for stress analysis and the in
tigation of the bearing contact. A model of three contacting te
complemented with the boundaries conditions is applied for fin
element analysis~FEA!. A general purpose finite element analys
computer program@12# has been used to conduct the stress ana
sis. The design of contact models is automated and does no
quire application of CAD computer programs.

Computer programs for synthesis, analysis, and automatio
FEA are based on application of the same programming langu
Graphic representation of results of computation is obtained
application of a commercially available graphical program.

2 Basic Ideas of Developed Approach

Local Synthesis. The mean contact pointM is chosen on gear
tooth surfaceS2 ~Fig. 1!. Parameters 2a, h2 , andm128 are taken at
M and represent the mayor axis of the instantaneous contac
lipse, the tangent to the contact path on gear tooth surface, an
derivative of the gear ratio functionm125v (1)/v (2) wherev (1)

and v (2) are the angular velocities of the pinion and gear ro
tions.

The program of local synthesis enables the pinion machine-
settings to be determined considering as known the gear mach
tool settings and parametersa, h2 , and m128 @11#. The program
requires solution of ten equations for ten unknowns but six of
ten equations are represented in echelon form. The algorithm
local synthesis includes relations between principal curvatures
directions proposed in@11,13–15#.

TCA „Tooth Contact Analysis…. The computer program al
gorithm is based on conditions of continuous tangency of pini
gear tooth surfaces and is illustrated in Fig. 2. The TCA progr
enables the function of transmission errorsDf2(f1) to be deter-
mined and the bearing contact to be obtained for each itera
whereas the input variable parametersa, h2 , andm128 of the re-
spective iteration are applied.

The computational procedure is divided into four separat
applied procedures performed as follows:

the
i-
© 2002 by ASME Transactions of the ASME
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Procedure 1: The purpose of the procedure is to obtain the a
signed orientation of the bearing contact. The procedure is acc
plished by the observation of the following conditions:

~a! The local synthesis and TCA are applied simultaneou
whereas the variable parameter ism128 and parametersa and h2
are taken as constant. The orientation ofh2 is initially chosen as a
longitudinally oriented bearing contact. The errors of alignme
are taken equal to zero.

~b! Using the output of TCA it becomes possible to obta
numerically the path of contact on gear tooth surfaceS2 and
determine its projectionLT on planeT that is tangent toS2 at M
~Fig. 1!.

~c! The goal of the iterative process~accomplished by simul-
taneous application of local synthesis and TCA! is to obtainLT

(n)

as the straight line for the process of meshing of the cy

Fig. 1 Illustration of parameters h2 and a applied for local
synthesis

Fig. 2 Tangency of tooth surfaces of a gear drive
Journal of Mechanical Design
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2p/N1<f1<p/N1 . This goal is achieved by variation ofm128
and the sought-for solution is obtained analytically as follows:~i!

~i! The numerically obtained projectionLT
( i ) is represented by a

polynomial function

yt~xt ,m128
~ i !!5b0~m128 !~ i !1b1~m128 !~ i !xt1b2~m128 !~ i !xt

2 (1)

~ii ! Variation of m128
( i ) ( i 51,2,3,̄ ,n) in the iterative process

based on simultaneous application of local synthesis and T
enables such a path of contact to be obtained whenb250 and
LT

(n) becomes a straight line. Figure 3 shows various linesLT
(1) ,

LT
(2), and the desired shapeLT

(n) ~Fig. 3!.
~iii ! The iterative process is directed at obtainingb2(m128 )( i ) and

is based on the secant method@16# that is illustrated with Fig. 4.

Procedure 2: Procedure 1 is accomplished obtainingLT
(n) as a

straight line. However, the output of the TCA for the function
the transmission errors, functionDf2

(n)(f1) where2p/N1<f1
<p/N1 , is of unfavorable shape and magnitude. The goal is
transformDf2

(n)(f1) into a parabolic function and limit the mag
nitude of maximum transmission errors. This goal is achieved
application ofmodified roll for pinion generation.

Modified roll means that during the pinion generation t
angles of rotation of the pinion and the cradle of the genera
machine,c1 andcc1 , respectively, are related as follows

c1
~ j !~cc1!5m1ccc12b2cc1

2 2b3cc1
3 (2)

wherem1c is the first derivative of functionc1(cc1) at cc150
that is obtained by application of local synthesis@4#. The super-
script j in Eq. ~2! indicates that thej -th iteration is considered.

The purpose of procedure 2 is the transformation of the fu
tion of transmission errorsDf2

(n)(f1) obtained at the final step o
Procedure 1. This goal is achieved as follows:

~i! The local synthesis and TCA computer program are
plied simultaneously and the errors of alignment of the gear d
are taken equal to zero.

~ii ! The function of transmission errorsDf2
(n)(f1) is the out-

put of TCA obtained at then-th iteration of Procedure 1 and i
represented numerically. We representDf2

(n)(f1) as a polynomial
function of the third order designated as

Df2
~ j!~f1!5a0

~ j!1a1
~ j!f11a2

~ j!f1
21a3

~ j!f1
3, 2

p

N1
<f1<

p

N1
(3)

Fig. 3 Projections of various path of contact L T on tangent
plane T
SEPTEMBER 2002, Vol. 124 Õ 525
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The designationj 51,2,̄ ,k means that an iterative process fo
modification of Df2

(n)(f1) is considered. FunctionDf2
(1)(f1)

[Df2
(n) is obtained at the final iteration of Procedure 1.

~iii ! The goal of Procedure 2 is to transform the function
transmission errors and obtain

Df2
~k!~f1!52a2

~k!f1
2, 2

p

N1
<f1<

p

N1
(4)

uDf2
~k!~f1!umax5a2

~k!S p

N1
D2

5DF (5)

~iv! The goals mentioned above are obtained by variation
coefficientsb2

( j ) and b3
( j ) of the function of modified roll. The

secant method@16# is applied for this purpose whereas variatio
of b2

( j ) andb3
( j ) are performed separately and illustrated in Fig.

Procedure 3: Procedures 1 and 2 discussed above enable to
tain: ~i! a longitudinally oriented projectionLT of the path of
contact and representLT is a straight line;~ii ! a parabolic function

Fig. 4 Illustration of computations for determination of
b2„m 128 …
526 Õ Vol. 124, SEPTEMBER 2002
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of transmission errors with the assigned level of maximum tra
mission errors. However, these results have been obtained fo
aligned gear drive.

The goal of Procedure 3 is to reduce the shift of the bear
contact caused by errors of alignment and this is achieved by
proper change of orientation ofLT assigned initially in Procedure
1. The procedure is based on the flow chart shown in Fig. 6.

Errors of alignment of the gear drive will cause the shift of t
bearing contact but they will not affect the obtained function
transmission errors since it is a parabolic function that is able
absorb the linear functions of transmission errors caused by
alignment@11,13–15#.

Procedure 3 is performed as follows:

~i! Computer programs developed for local synthesis and T
are again applied simultaneously, but the expected errors of a
ment are simulated.

Fig. 5 Illustration of variation of coefficients b 2 and b 3 of
modified roll
Transactions of the ASME
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~ii ! The effect of all errors of alignment on the shift of th
bearing contact is investigated separately. The sensitivity of
shift of LT is reduced by the proper choice of parameterh2 ~Fig.
1!. Thus, the variable parameter of the local synthesis in Pro
dure 3 ish2 .

~iii ! Application of procedure 3 causes that finallyLT will be
chosen as the deviated from the longitudinally one. The devia
depends on the design parameters of the gear drive, particu
on the gear ratiom12 ~see Section 6!, and on the errors of align-
ment that are applied.

Procedure 4: After completion of Procedures 1, 2, and 3, the o
tained pinion machine-tool settings guarantee that the desig
gear drive is indeed a low-noise gear drive with reduced sens
ity to errors of alignment~see numerical examples of design
Section 6!.

The goal of Procedure 4 is the stress analysis and the inv
gation of formation of the bearing contact whereas the con
ratio is mc.1 ~see Section 5!. The approach developed for finit
element analysis~FEA! has the following advantages:

1 The computer language applied for automation of FEA is
same as applied for the synthesis and analysis of the gear dr

2 The contacting model~formed by three teeth of the pinion
and the gear and the boundary conditions! is determined automati-
cally. There is no need in application of intermediate CAD co
puter programs to develop the finite element models for appl
tion of FEA ~see details in Section 5!.

3 Derivation of Equations of Gear Tooth Surfaces
Remember at this point that the machine-tool settings for

gear are considered as given and the to-be-derived equation

Fig. 6 Flow chart for procedure 3
Journal of Mechanical Design
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low the gear tooth surfaces to be determined. The head-cutt
provided with blades that are rotated about theZg-axis of the
head-cutter~Fig. 7! during the process of generation. Both sides
the gear tooth are generated simultaneously. The profile of
blade consists of two parts~Fig. 7!: ~i! of a straight line, and~ii ! of
a fillet formed by two circular arcs connected by a straight lin
The blades by rotation about theZg-axis form the head-cutte
generating surfaces.

Applied Coordinate Systems. Coordinate systemSm2
, Sa2

,
Sb2

are the fixed ones and they are rigidly connected to the cut
machine~Fig. 8!. The movable coordinate systems areS2 andSc2

rigidly connected to the gear and the cradle, respectively. Coo
nate systemSg is rigidly connected to the gear head-cutter. It
considered that the head-cutter is a cone, and the rotation o
head cutter about theZg-axis does not affect the process of ge
eration. The head-cutter is mounted on the cradle and coordi
systemSg is rigidly connected to the cradle coordinate syste
Sc2

. The cradle and the gear perform related rotations about
Zm2

-axis and theZb2
-axis, respectively. Anglescc2 and c2 are

related and represent the current angles of rotation of the cr
and the gear. The ratio of gear roll is designated asm2c2

and is
determined as

m2c2
5

v~2!

v~c2! 5
dc2

dt
4

dcc2

dt
(6)

The installment of the tool on the cradle is determined by
rametersSr 2

and q2 , that are called radial distance and bas

Fig. 7 Blade and generating cones for gear generating tool:
„a… illustration of head-cutter blade; „b… y „c… generating tool
cones for concave and convex sides
SEPTEMBER 2002, Vol. 124 Õ 527
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cradle angle. ParametersDXB2
, DEm2

, DXD2
, andgm2

represent
the settings of the gear. Figs. 8~a! and 8~b! show the installment of
the head-cutter for right hand and left hand gears respectively

Procedure of Derivation. The head-cutter generating surfac
is represented in coordinate systemSg by the vector function
r g(Sg ,ug) wheresg andug are the surface parameters.

The family of generating surfaces is represented in coordin
systemS2 rigidly connected to the gear by the matrix equation

r2~sg ,ug ,c2!5M2g~c2!rg~sg ,ug! (7)

wherec2 is the generalized parameter of motion.
The equation of meshing is determined as

f 2g~sg ,ug ,c2!50 (8)

determined as@11,14#

S ]r2

]ug
3

]r2

]sg
D • ]r2

]c2
50 (9)

or as@11,13,14#

Ng•ng
~g2!50 (10)

Here Ng(sg ,ug) is the normal to the head-cutter surface rep
sented in coordinate systemSg and ng

(g2) is the relative velocity
represented inSg .

Equations~7! and~8! determine the gear tooth surface by thr
related parameters.

4 Derivation of Pinion Tooth Surfaces
The two sides of the pinion tooth surfaces are generated s

rately. The machine-tool settings applied for generation of e
tooth side are determined separately by application of Proced
1, 2, and 3 mentioned above. Profile blades of pinion head-cut
are represented in Fig. 9.

Applied Coordinate Systems. Coordinate systems applie
for generation of pinion are shown in Fig. 10. Coordinate syste
Sm1

, Sa1
, Sb1

are the fixed ones and they are rigidly connected
the cutting machine. The movable coordinate systemsS1 andSc1

Fig. 8 Coordinate systems applied for gear generation: „a…
and „b… illustration of tool installment for generation of right-
and left-hand gears; „c… illustration of corrections of machine-
tool settings
528 Õ Vol. 124, SEPTEMBER 2002
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are rigidly connected to the pinion and the cradle, respectiv
SystemsS1 and S2 are rotated about theZm1

-axis andZb1
-axis,

respectively, and their rotations are related by a polynomial fu
tion c1(cc1) wherein modified roll is applied~see below!. The
ratio of instantaneous angular velocities of the pinion and
cradle is defined asm1c(c1(cc1))5v (1)(cc1)/v (c). The magni-
tude m1c(c1) at cc1 is called ratio of roll or velocity ratio. Pa-
rametersDXD1

, DXB1
, DEm1

, gm1
are the basic machine too

settings for pinion generation.

Fig. 9 Blades and generating cones for pinion generating tool:
„a… convex side blade; „b… convex side generating cone; „c…
concave side blade; „d… concave side generating cone

Fig. 10 Coordinate systems applied for the pinion generation:
„a… and „b… illustration of tool installment for generation of right-
and left-hand gears; „c… illustration of corrections of machine-
tool settings
Transactions of the ASME
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Procedure of Derivation. The pinion head-cutter surface
represented by vector functionr p(sp ,up) ~Fig. 9! where (sp ,up)
are the surface parameters.

The family of head-cutters is represented in coordinate sys
S1 rigidly connected to the pinion by the matrix equation

r1~sp ,up ,cc1!5M1p~cc1!r p~sp ,up! (11)

Unlike the case of gear generation, modified roll is applied
the generation of the pinion, and functionc1(cc1) relates the
angles of rotation of the pinion and the cradle of the pinion g
erating machine by a polynomial but not linear function~see Eq.
~2!!.

The equation of meshing is determined as

f p1~sp ,up ,cc1!50 (12)

that is derived by application of two following alternative a
proaches@11,13,14#:

S ]r1

]up
3

]r1

]sp
D • ]r1

]cc1
50 (13)

or

Np•np
~p1!50 (14)

whereNp is the normal to pinion head-cutter surfaceSp that is
represented inSp .

Equations~11! and ~12! represent the pinion tooth surfaces b
three related parameters.

5 Application of Finite Element Analysis
Application of finite element analysis permits the following:

~1! Investigation of the bearing contact when multiple sets
teeth may be in contact under load simultaneously.

~2! Determination of contact and bending stresses.

Application of finite element method@17# requires the develop
ment of the finite element mesh, definition of possible contact
surfaces, and the establishment of boundary conditions to load
gear drive with the desired torque. Finite element analysis is
formed by application of general purpose computer program@12#.

The authors have developed a modified approach to perform
finite element analysis that has the following advantages:

~a! The same programming language is applied for synthe
analysis, and generation of finite element models of the g
drives. Graphic interpretation of the output is obtained by us
commercially available graphical program.

~b! The generation of the finite element mesh required for fin
element analysis is performed automatically using the equat
of the surfaces of the tooth and its portion of the rim. Nodes of
finite element mesh lying on the tooth surfaces of pinion~gear!
are guaranteed to be points of the real tooth surfaces of the pi
~gear!. Loss of accuracy due to the development of solid mod
using CAD computer programs is avoided. The boundary con
tions for the pinion and the gear are set automatically as wel

~c! Investigation of the bearing contact for a cycle of mesh
permits investigation of the influence of the contact ratiomc
~whereas the contact is formed on neighboring tooth surface
mc.1! and find out the possibility of edge contact.

~d! There is no need to apply CAD computer programs
development of finite element models.

The development of the solid models and finite element mes
using CAD computer programs is time expensive, requires ski
users of used computer programs, and has to be done for e
case of gear geometry and position of meshing to be investiga

The developed approach is free of all these disadvantages a
summarized as follows:

Step 1: Using the equations of both sides of tooth surfaces and
portions of the corresponding rim, we may represent analytic
Journal of Mechanical Design
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the volume of the designed body. Fig. 11~a! shows the designed
body for one-tooth model of the pinion of a spiral bevel ge
drive.
Step 2: Auxiliary intermediate surfaces 1 to 6 shown in Fig. 11~b!
may be determined. Surfaces 1 to 6 enable to divide the toot
six subvolumes and control the discretization of these tooth s
volumes into finite elements.
Step 3: Analytical determination of node coordinates is perform
taking into account the number of desired elements in longitudi
and profile direction~Fig. 11~c!!. We emphasize that all nodes o
the finite element mesh are determined analytically and those
ing on the tooth surfaces are indeed points belonging to the
surfaces.
Step 4: Discretization of the model by finite elements using nod
determined in previous step is accomplished as shown in F
11~d!.

In the developed approach for finite element analysis, the torqu
applied directly to the pinion and is transmitted to the ge
through the contact between the pinion and the gear tooth
faces. No assumption of normal tooth load or load distributi
over the surfaces is required. The contact area is obtained as
result of finite element analysis.

6 Numerical Examples
Three examples of design of face-milled spiral bevel gears w

different design parameters have been accomplished for the i
tration of the developed theory. Details of the examples of des
are represented in Appendix 1. A torque of 700 N•m has been
applied to the pinion of examples 1 and 2. A torque of 300 N•m
has been applied to the pinion of example 3. The material is s
with the properties of Young’s Modulus E52.068
3108 mN/mm2 and Poisson’s ratio 0.29. The output from th
computations for the examples given are represented in Fig
that shows:

Fig. 11 Illustrations of „a… the volume of designed body, „b…
auxiliary intermediate surfaces, „c… determination of nodes for
the whole volume, and „d… discretization of the volume by finite
elements
SEPTEMBER 2002, Vol. 124 Õ 529
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~i! The bearing contact has a longitudinal direction in exam
1 for an aligned gear drive~Fig. 12~a!!.

~ii ! The bearing contact in example 2~Fig. 12~b!! is deviated
from the longitudinal direction to reduce the shift of bearing co
tact caused by errors of alignment.

~iii ! Example 3 of design~Fig. 12~c!! shows that the gear drive
with a gear ratio close to 1 (N2 /N1526/17) is very sensitive to
errors of alignment. The shift of bearing contact due to misalig
ment is reduced by larger deviation of the bearing contact fr
the longitudinal direction.

~iv! The function of transmission errors~Fig. 12~d!! for all
three examples is indeed a parabolic function up to 8 arcse
maximum amount.

Finite element analysis has been performed for all three

Fig. 12 Bearing contact and predesigned function of trans-
mission errors: „a… longitudinally oriented bearing contact for
gear drive of example 1; „b… adjusted bearing contact for gear
drive of example 2; „c… adjusted bearing contact for gear drive
of example 3; „d… function of transmission errors for examples
1, 2, and 3
530 Õ Vol. 124, SEPTEMBER 2002
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amples. First order elements have been used to form the fi
element mesh. Such elements are enhanced by incompatible n
to improve their bending behavior. The total number of eleme
is 33606 with 42076 nodes for each finite element model. Fig
13 shows the 3-pair-of-teeth finite element mesh for example

Fig. 13 Three-pair-of-teeth finite element mesh for example 2

Fig. 14 Whole gear drive finite element mesh for example 2

Fig. 15 Formation of the bearing contact in example 2 at the
heel position of the gear
Transactions of the ASME
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Figure 14 shows the whole gear drive finite element mesh.
The accomplished stress analysis has enabled the contac

bending stresses to be obtained. Von Mises equivalent stre
used to represent the stress distribution. The units used
mN/mm2. Figure 15 shows the formation of the bearing contac
example 2 at the heel position of the gear. The maximum fi
stress at this position of contact is 143 N/mm2 when a torque of
700 N•m is applied to the pinion~Fig. 15!.

7 Conclusions
Based on the study conducted the following conclusions can

made:

~1! An integrated computerized approach has been develo
for design of low-noise spiral bevel gears with an adjus
bearing contact based on the following ideas:

~i! Application of a parabolic function of transmission erro
with limited values of maximum transmission errors pe
mits to absorb linear discontinuous functions of transm
sion errors caused by misalignment and limit transmiss
errors.

~ii ! The orientation of the bearing contact is adjusted to red
the shift of contact caused by errors of alignment.

~iii ! The approach developed is an iterative procedure base
simultaneous application of local synthesis and TC
~Tooth Contact Analysis! using modified roll for pinion
generation.

~iv! The contacting model for finite element analysis is form
by three teeth and the boundary conditions, it is autom
cally designed and does not need intermediate CAD co
puter programs for application of finite element analysi

~v! The same computer language is used for numerical c
putations performed for all stages of design, and autom
generation of finite element models. The developed the
is illustrated with three numerical examples.

~2! The approach developed may also be applied for desig
formate cut spiral bevel gears, hypoid gear drives and o
gear drives.
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Nomenclature

ak(k5g,p) 5 blade angle of gear (k5g) and pinion (k
5p) head-cutters~Figs. 7, 9!

b i( i 50,1,2) 5 coefficients of numerically obtained polyno-
mial function for presentation of projection
of path of contact on tangent planeT

gmi
( i 51,2) 5 angles of pinion (i 51) and gear (i 52) root

cones, respectively~Figs. 8, 10!
h i(51,2) 5 parameter for presentation of tangent to the

path of contact on the pinion (i 51) and gear
( i 52) tooth surfaces respectively~Fig. 1!

up ,ug 5 surface parameters of the pinion and gear
head cutters, respectively~Figs. 7, 9!

l f ,lw 5 surface parameters of the pinion and gear
fillet parts of the head cutter~Figs. 7, 9!

cci
( i 51,2) 5 angle of rotation of the cradle in the proces

for generation of the pinion (i 51) or gear (i
52) ~Figs. 8, 10!

c i( i 51,2) 5 angle of rotation of the pinion (i 51) or gear
( i 52) in the process for generation~Figs. 8,
10!

r f ,rw 5 fillet radii for the pinion and the gear~Figs.
7, 9!
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v ( i )( i 51,2) 5 angular velocity of the pinion (i 51) or gear
( i 52) ~in meshing and generation!

S i( i 51,2) 5 pinion (i 51) or gear (i 52) tooth surfaces
Sk(k5p,g) 5 pinion (k5p) or gear (k5g) generating sur-

faces
Df2(f1) 5 function of transmission errors

DF 5 maximal level of transmission errors~Fig. 5!
DA1 ,DA2 5 pinion and gear axial displacements, respec

tively
DE,Dg 5 offset and change of shaft angle due to erro

of alignment, respectively
DEmi 5 blank offset of pinion (i 51) or gear (i 52)

~Figs. 8, 10!
DXBi 5 sliding base for pinion (i 51) or gear (i 52)

~Figs. 8, 10!
DXDi 5 machine center to back for pinion (i 51) or

gear (i 52) ~Figs. 8, 10!
ai( i 50,1,2,3) 5 coefficients of polynomial functions

Df2(f1) of transmission errors
LT 5 projection of path of contact on the tangent

planeT ~Fig. 3!
m128 5 second derivative of transmission function

f2(f1)
m12 5 gear ratio
m1c 5 ratio of pinion roll

m2c2 5 ratio of gear roll
M 5 mean contact point~Figs. 1, 3!

M j i ,L j i , 5 matrices of coordinate transformation from
systemSi to systemSj

ni
(k) ,Ni

(k) 5 unit normal and normal to surfaceSk repre-
sented in coordinate systemSi

qi( i 51,2) 5 installment angle for head-cutter of the pin-
ion (i 51) and gear (i 52) ~Figs. 8, 10!

Rp ,Rg 5 head-cutter point radius for the pinion and
gear~Figs. 7, 9!

r i 5 position vector represented in systemSi ( i
51,2,b1 ,b2 ,h,l ,m1 ,m2 ,p,g)

sp ,sg 5 surface parameters of the pinion and gear
~Figs. 8, 10!

Si 5 coordinate system
( i 51,2,b1 ,b2 ,h,l ,m1 ,m2 ,p,g)

Sr i
( i 51,2) 5 radial setting of the head-cutter of the pinion

( i 51) and gear (i 52) ~Figs. 8, 10!
n( i j ) 5 relative velocity at contact point

( i , j 51,2,c1 ,c2 ,p,g)

Appendix

Table 1 Blank data
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Table 2 Parameters and installment settings of the gear head-
cutter

Table 3 Parameters and installment settings of the pinion
head-cutter

Table 4 Parameters for local synthesis
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