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Abstract This paper proposes a pinion development ap-
proach in order to obtain excellent transmission performance
of the face-milled spiral bevel and hypoid gears. First, the
flank form of the gear pair is determined based on the original
designed ease-off topography by adjusting the contact attri-
butes. After the gear pair is finished and measured, the devi-
ation sum can be established by converting the wheel flank
deviations into the equivalent pinion flank deviations. Then,
the real ease-off topography is obtained, which is an important
indicator to evaluate the transmission performance. Next, the
real ease-off topography is redesigned with the target of the
original designed ease-off topography to compensate the de-
viation sum by readjusting the contact attributes. Thus, the
pinion flank form is redesigned and the corresponding
machine-tool settings can be calculated by the active design
method. According to which, the pinion is recut/reground and
the wheel remains unchanged. Finally, the approach is con-
ducted on a face-milled hypoid gear pair to demonstrate its
effectiveness.
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1 Introduction

Face-milled spiral bevel and hypoid gears are essential trans-
mission components in vehicles. When the macroscopic geo-
metric parameters of a bevel gear pair are determined, like
number of teeth, module, pressure angle, and spiral angle,
the microscopic geometry of the tooth flank determines the
transmission performance of this gear pair and then influences
the performance of the product, such as lifetime, noise, vibra-
tion, load capacity, and so on.

In practice, with the transmission system under load and
the temperature variation during operation, the deformation of
gear teeth, shafts, some other parts in box, and box itself will
occur. At the same time, the misalignments of gear pair exist
because of assembling deviation and component deviation. As
a result, load concentration will arise if the mated tooth sur-
faces are in complete conjugation, which is detrimental to all
performance parameters of this gear pair [1]. Therefore, the
mismatched tooth flank is always used instead of fully conju-
gated tooth flank for better performance [2—5].

The contact behavior of a gear pair is determined by the
microscopic geometry (modification form) of the tooth flank,
which is determined by ease-off topography. In other words,
ease-off topography is an indicator of measuring flank modi-
fication. Different ease-off topography figures correspond to
different flank modification forms, and different transmission
performances follow.

Due to some inevitable reasons, however, such as, machine
axis motion error, tool error, fixture error, thermal deforma-
tion, and so on, there are always flank deviations. Consequent-
ly, the real ease-off topography deviates from the designed
one, so flank deviations need to be taken into account in the
stage of ease-off design.

Some works related to this problem have been conducted.
The minimization of the entire tooth surface deviations by the
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least-square method was given by Litvin et al. [6]. With the
linear regression method and the sensitivity matrix applied,
Lin et al. [7] corrected the machine-tool settings to minimize
the flank deviations, and later, they improved the optimization
using the SQP method in [8]. The high-order flank-correction
method was developed by Shih et al. [9, 10] based on the five-
axis CNC gear profile grinding machine and the six-axis CNC
hypoid generator. Fan [11, 12] determined the corrective uni-
versal motion coefficients utilizing the universal motions for
face-milled and face-hobbed spiral bevel and hypoid gears. A
new systematic method for modifying gear tooth flank with
proper variations in the machine-tool settings was presented
by Artoni et al. [13], with the problem solved by the
Levenberg—Marquardt method. Yang et al. [14] also corrected
the pinion tooth surface deviations only for spiral bevel and
hypoid gears by SGM method.

The tooth contact analysis of spiral bevel gears was devel-
oped by Gleason Works [15]. Shih and Fong [16, 17] pro-
posed the flank modification methodology using a linear re-
gression method, based on the desired ease-off topographies
and the sensitivity matrix. Artoni et al. [18] proposed a fully
automatic procedure to optimize the loaded tooth contact pat-
tern by two steps: identification of the coefficients of the op-
timal ease-off surface and that of the machine setting correc-
tions required to generate it. A new load distribution model
was proposed to simulate contact conditions of both face-
milled and face-hobbed hypoid gears produced by Formate
and generate processes by Kolivand et al. [19]. A practical
methodology based on ease-off topography is proposed by
Kolivand et al. [20] for loaded tooth contact analysis of hypoid
gears having both local and global deviations. A new hypoid
gear mechanical efficiency model was proposed by Kolivand
et al. [21], and the influence of various design and operating
parameters on mechanical efficiency of a hypoid gear pair was
quantified. The influence of tooth modifications induced by
machine-tool setting and head-cutter profile variations on
tooth contact characteristics in face-hobbed spiral bevel gears
is investigated by Simon [22]. A microgeometry optimization
method of face-hobbed hypoid gear set aiming at enhancing
gear performance was presented by Artoni et al. [23] with a
general algorithmic framework for ease-off multi-objective
optimization. Artoni et al. [24] applied corrective actions to
the pinion member only by mapping gear deviations into
equivalent pinion deviations. Simon defined optimal tooth
modifications of face-hobbed spiral bevel gears by appropri-
ately chosen head-cutter geometry and machine-tool setting to
reduce the maximum tooth contact pressure and transmission
errors in face-hobbed spiral bevel gears in [25].

This paper aims to propose a pinion development approach
based on contact attributes. First, the predesigned theoretical
ease-off topography is determined. Then, with the flank devi-
ations of the gear pair considered, the redesigned real ease-off
topography is obtained. By this, the pinion is redesigned.
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Finally, the corresponding machine-tool settings are deter-
mined by the active design method. This paper deals with
hypoid gears by half generating method, that is, the wheel
flank is produced by the Formate method and the pinion flank
is generated by rolling. The modification to provide localized
contact pattern of this enveloped surface is the goal of this
research.

2 Logic flow of development

In this section, the logic flow of the development is described.
As Fig. 1 shows, it contains two parts: original design stage
and pinion redesign stage.

In the original design stage, the wheel flank form is de-
signed first and the wheel design remains unchanged. In order
to obtain excellent performance, three contact attributes are

Original Design Stage

’ Designed wheel ‘

( Adjust contact attributes (

1]
L Original designed ease-off
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I Original designed pinion ‘
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Fig. 1 The Logic flow of development
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adjusted, and then the original designed ease-off topography is
established, which is the target in the second part. Thus, the
original design of the pinion flank form is determined.

In the pinion redesign stage, the gear pair is cut/ground on
the machine according to the original design and subsequently
measured on the coordinate measuring machine (CMM).
Then, with the flank deviations obtained, the deviation sum
and the real ease-off topography are derived. To improve the
transmission performance, the contact attributes are readjusted
with the goal that the redesigned real ease-off topography is
close to the original designed ease-off topography. In this way,
the flank form of the pinion redesigned. Finally, the machine-
tool settings are recalculated and the pinion is cut/ground
again. This stage is conducted until the transmission perfor-
mance meets requirement.

3 Original design stage
3.1 Definition of ease-off

When the wheel flank is given, there is a unique fully conju-
gated pinion flank which meshes with the wheel flank in line
contact by the theoretical constant transmission ratio z,,/z,,
where z,, is the number of the wheel teeth and z,, is the number
of the pinion teeth, whereas, in order to obtain local contact
between the gear pair, the pinion flank is modified according
to certain design rules. Hence, the modified pinion flank de-
viates from the fully conjugated one, and ease-off is used to
describe the deviations between these two flanks.

The tooth flank is divided into a grid and defined by a
series of discrete points. Ease-off value denotes the devi-
ation value in normal direction at each grid point. If the
value is positive, the modified flank has less material rel-
ative to the fully conjugated one at this grid point; if
negative, more material. And for local contact, it can be
regarded that the modified flank is the fully conjugated
flank with the ease-off quantity material removed from, so
the designed ease-off value is always positive. Ease-off
topography represents the set of ease-off values at all grid
points, describing the modification of the overall flank of
the pinion member. As Fig. 2 shows, the plane below
(yellow) stands for the fully conjugated pinion flank and
the upper curved surface (blue) stands for the ease-off
topography.

If the pinion is not modified, the ease-off topography will
coincide with the plane below and the ease-off value at each
grid point will be zero. At the same time, the fully conjugated
flanks mesh with each other with zero transmission error (TE),
and there is an infinite long instantaneous contact line at each
rolling angle. During the period from starting meshing to end-
ing meshing of one pair of mated flanks, the contact line
moves along the contact path.

Ease-off topography

Contact path Design point

(a) Modification along contact path only

Ease-off topography

Tip Contact path

Heel

v - -/ Toe
Root \ ;

Contact ellipse Design point

(b) Modification along contact line only

Fig. 2 Ease-off topography based on contact attributes. a Modification
along contact path only; b modification along contact line only

3.2 Original design of the pinion

To design the flank form of the pinion, three contact attributes
can be controlled, that is, the position and direction of the
contact path, the transmission error, and the major axis of
the instantaneous contact ellipse at the design point.

First, it is necessary to design the position and direction of
the contact path, on which a “design point” is determined
simultaneously, usually in the vicinity of the midpoint of the
contact path. This step makes a difference to the position and
shape of the contact pattern. Where the contact path locates,
there is less material pared off relative to other area on pinion
flank and the ease-off value here is less too. As the contact
path get close to the face width direction, the contact path get
longer and the contact ratio get greater.

The next step is to adjust the transmission error. As men-
tioned above, the transmission error is zero before modifica-
tion, and it is designed to be a parabolic function along the
contact path here, with the highest point of the parabola and
the “design point” coinciding. In this case, there exists only
one point with zero transmission error, which is the “design
point”. Then the gear pair will match with each other based on
the designed changeable transmission ratio instead of the con-
stant one. For reaching this effect, the pinion flank is modified
along the contact path and then the ease-off value along the
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contact path can be determined, as Fig. 2a shows. The greater
the maximal transmission error, the greater the ease-off value
along the contact path.

After the last step, though the pinion flank is modified
along the contact path, the mated flanks are still in line contact,
just with a changeable transmission ratio, and the major axis
of the instantaneous contact ellipse is infinitely great. In order
to obtain a local contact pattern, the pinion flank also needs to
be modified along the instantaneous contact line, and to
achieve that, the major axis of the contact ellipse is shortened
to a limited length. In fact, only the major axis at the “design
point” is controlled, and the major axis at other points will be
shortened to the approximate length accordingly. Consequent-
ly, the mated flanks are changed into point contact from line
contact. At every rolling angle, the wheel flank and the pinion
flank contact at one corresponding point on the contact path.
With continuous rotation, all the instantaneous contact points
constitute the contact path. The boundary of the contact ellipse
is determined on the condition that the normal distance be-
tween the mated flanks equals 6.35 um. The shorter the major
axis, the narrower the contact pattern and the greater the ease-
off value along the contact line. Figure 2b illustrates the situ-
ation that the modification is only along the contact line, with
zero modification on the contact path.

The demands of the contact attributes influence the form of
the ease-off topography, and in return, the ease-off topography
plays an important role on the contact performance of gear
pair. Consequently, with the ease-off topography designed,
the original design of the pinion flank form is determined.

3.3 Determination of machine-tool settings

According to the thought of function-oriented active tooth
surface design [26], the form of the tooth surface is free of
the limitation of the traditional cradle style machine and the
tooth surface with excellent meshing behaviors can be easily
obtained. Therefore, after the pinion flank form is determined,
the corresponding machine-tool settings can be obtained by
solving an equation set according to the active design method.
That is, the cutter radius for cutting/grinding the pinion and a
series of motion coefficients of each axis of the 5-axis CNC
machine can be determined. Then, the gear pair can be cut/
ground.

4 Pinion redesign stage

4.1 Deviation sum of the real gear pair

After finished, the gear pair can be measured on CMM and the
flank deviations are obtained. Since the contact performance is

affected by both the wheel and the pinion flank deviations,
both the wheel flank deviations and the pinion flank
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deviations need to be taken into consideration in the pinion
redesign stage.

In addition, the bevel gears are manufactured and used in
pair in most cases, so the wheel flank deviations can be con-
verted into the equivalent pinion flank deviations. Thus, the
wheel flank deviations and the pinion flank deviations can be
expressed together, in the form of deviation sum. And it can be
obtained as follows.

68, j) = 6" (i, j) + 6P (i, ) (1)

where 6""(i,j) denotes the normal deviation at the grid
point in the /™ row and the /column on the wheel flank,
and 6)(i.j) denotes the normal deviation at the grid point in
the /"™ row and the /™ column on the pinion flank. It is worth
noting that the point (7, /) on the wheel flank and the point (i, )
on the pinion flank are nearly meshing points. This is accom-
plished by three steps: (1) calculating the position vector of the
pinion point which meshes with the grid point (7, j) on the
wheel flank in complete conjugation by the constant transmis-
sion ratio; (2) determining the grid coordinate of the pinion
point obtained in step (1) in the rotation projection coordinate
system; (3) calculating the position vector of the point (7, j) on
the designed pinion flank according to the grid coordinate
determined in step (2).

For all the deviations, positive value means redundant ma-
terial relative to the nominal flank at that grid point, and neg-
ative means less. Before doing this, the singular feature points
at which the deviation is not normal should be smoothed.

4.2 Real ease-off topography

As mentioned above, when those three contact attributes
above are designed, the ease-off topography can be
established and then the microscopic geometry (modification
form) of the pinion tooth flank is determined. In other words,
the ease-off topography determines the contact performance
of'the gear pair. If the flank deviations and assembly errors are
not taken into account, the gear pair will mesh according to the
predesigned contact demands. Nonetheless, flank deviations
are inevitable, thus the ease-off topography between the real
pinion flank and the fully conjugated pinion flank, which
matches with the real wheel flank, is not as the same as the
predesigned one, and it is called “real ease-off topography”
here. Therefore, the contact performance will get detrimental-
ly affected.

The real ease-off value at each point can be calculated as
follows:

¢Real (i j) = €9, =093, j) (2)

where £9)(i.j) is the original predesigned ease-off value at
point (i, j) and 6*(i.j) is the deviation sum at point (i, /).
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4.3 Redesign target

With the deviation sum taken into account during the
ease-off topography design, the real ease-off topography
can be designed directly. Therefore, the deviation sum can
be compensated on the pinion member only for cost and
time saving.

The desired redesigned ease-off value at each grid point (7,
j) can be achieved by the following equation:

gRedsien ) = €9, j) + 69 (i, ) ®)

The ease-off topography composed by all the ¢Redesien

values is called X® and the corresponding flank is
called “desired redesigned flank”.

The desired redesigned real ease-off value at each grid
point (i, j) of the desired redesigned flank can be derived as
follows:

g(Redesign Real)(i,j) _ g(Redesign)(ivj) + 5(5)(i,j)
= &9, ) + 0 (1, /)=6® i, ) @
=£9G.))

The ease-off topography composed by all the
values is called X Redesien Reah "o q it is the desired real ease-
off topography of the desired redesigned flank, which is the
redesign target. This is under the assumed condition that the
work piece is cut/ground on the same machine in a steady state
so that the flank deviations are stable.

§(Redesign Real)

4.4 Pinion redesign

With the “desired redesigned real ease-off topography” as the
target, the pinion flank form can be redesigned. Those three
contact attributes are adjusted to make sure that the simulated
real ease-off topography get very close to the target -
(Resign Real) 76 final adjustment result can be determined by
comparing the ease-off values as well as the position of the
lowest part. After the redesign of the pinion, there might be
little difference between each redesigned ease-off value and
each corresponding target value, but their overall trends
accord.

After the determination of the redesigned three contact
attributes, the first-order and second-order parameters of
the points on the contact path of the pinion, which
matches with the original wheel flank, can be obtained
using the meshing equation. For the corresponding
machine-tool settings, the blade angle of the cutter is giv-
en as input, and the cutter radius, as well as the quintic
polynomial coefficients of each motion axis of the CNC
machine, is calculated through solving an equation set.
Finally, the pinion member can be cut/ground again with
modified machine-tool settings.

5 Experiments and results

In this section, the proposed approach was conducted on a
ground face-milled hypoid gear pair to demonstrate its effec-
tiveness. The basic geometry parameters are shown in Table 1.

5.1 Test 1: design pinion with great maximal TE and short
major axis of contact ellipse

In this test, the contact attributes were designed like this: the
maximal transmission error was 400 prad, and the major axis
of the instantaneous contact ellipse was 10 mm for the drive
side and 7 mm for the coast side. It is evident that the modi-
fication both along the contact path and along the contact line
is great. The position and direction of the contact path (green
line) are shown in Fig. 3a. The contact pattern is designed to
be a little close to the toe for the drive side, a little close to the
heel and tip for the coast side under light load condition for the
reason that as the load increases, the contact pattern will ex-
tend to the whole flank.

The rolling test results are shown in Fig. 3d. It can be seen
that the real contact pattern is extremely similar to the de-
signed one. Nonetheless, the noise was very loud while this
gear pair works, beyond the tolerance limit.

The average flank deviations of the gear pair were obtained
via measurement on CMM, the corresponding deviation sum
could be calculated. The real ease-off topography was derived
by taking flank deviation sum into account. Despite the influ-
ence of the deviations, the real ease-off topography deviates
little from the designed one, shown in Fig. 3¢ and b, respec-
tively. In this paper, the values in ease-off topography figures
are all expressed in microns on the pinion flank and the con-
tact patterns are all expressed on the wheel flank.

5.2 Test 2: design pinion with reduced maximal TE
and long major axis of contact ellipse

The maximal transmission error was reduced to 35 prad this
time; at the same time, the major axis of the instantaneous

Table 1 Basic geometry data of the hypoid gear

Pinion Wheel
Offset, mm 26
Shaft angle, © 90
Spiral hand Left Right
Number of teeth 7 39
Mean spiral angle, ° 43.85 35.8333
Average pressure angle, © 22.5
Pitch angle, ° 11.8833 78
Outer cone distance, mm 212.11 217.30
Method Active design Formate
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Fig. 3 Design target and
experimental results of gear pair
with great maximal TE and short
major axis of contact ellipse. a Toe |
Contact pattern, b predesigned ‘
ease-off topography, ¢ real ease-
off topography, d rolling test

(a) Contact pattern

63
(C) Real easeoff topography

(d) Rolling test

contact ellipse was increased to 18 mm for the drive side and
15 mm for the coast side. Obviously, the modification quantity
decreases a lot. The position of the contact path was moved
5 mm towards the heel for the coast side.

As the rolling test results shown in Fig. 4d, the real contact
patterns are far from the designed one, and edge contact oc-
curs, which must be avoided in gear transmission. The situa-
tion of the drive side is worse than that of the coast side. And
without doubt, the noise was still unfavorable.

The predesigned and the real ease-off topography are
shown in Fig. 4b and c, respectively. For the drive side, com-
pared with the predesigned values, the value at the point A on
the real ease-off topography increases by 5 um, and the value
at the point B increases by 15 um, greater than point A. So
point A becomes lower relative to point B. The value at point
D decreases by 8 um, and the value at point C increases by
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Drive Side
Root

Coast Side
ey apmme B i(p\)l

Heel

2 um, so point D becomes lower relative to point C. Hence,
the root part becomes lower relative to the tip part on the real
ease-off topography. Similarly, point C becomes lower rela-
tive to point B and point D becomes lower relative to point A.
So, the heel part gets lower relative to the toe part. Accordant-
ly, the lowest part of the real ease-off topography moves to-
wards the heel part and the root part on the pinion flank, and
the position of the contact pattern moves towards the heel part
and the tip part on the wheel flank.

For the coast side, point D gets lower relative to point C and
point A gets lower relative to point B. So the tip part becomes
lower relative to the root part. The lowest part moves towards
the tip part on the real ease-off topography. Differently, point
D gets lower by 19 pum relative to point A, but point C gets
higher by 4 um relative to point B. However, the lowest part
moves still towards the heel part on the real ease-off
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Fig. 4 Design target and

experimental results of gear pair

with reduced maximal TE and [
long major axis of contact ellipse. Toe ‘
a Contact pattern, b predesigned ;

Drive Side

Root —

Coast Side
_Root

|
HeelToc |
’P'.

Heel

ease-off topography, ¢ real ease-
off topography, d rolling test

S (&)
(b) Predesigned easeoff topography

10 (&)

Root 42 @)

(d) Rolling test

topography because the variation between point D and A
is greater than that between point C and B. In addition,
the lowest part is closer to the root part, so it gets a larger
effect from point D and A on the root line than from point
C and B on the tip line. As a result, the position of the
contact pattern moves towards the heel part and the tip
part on the wheel flank too.

5.3 Test 3 (a): design pinion with reasonable maximal TE
and major axis of contact ellipse

In this test, the maximal transmission error was still 35 prad,
but the major axis of the instantaneous contact ellipse was
reduced to 14 mm for the drive side and 10 mm for the coast
side. The blade angle for the drive side was changed to
obtain a reasonable modification. The position and direction
of the contact path remain unchanged.

As the rolling test results shown in Fig. 5d, the contact
patterns become improved compared with that in test 2, but
still differs from the designed one because of the flank
deviations.

With the same analysis method, compared with the de-
signed ease-off topography, the root part gets lower relative
to the tip part on real ease-off topography and the heel part
gets lower relative to the toe part, for both the drive side and
the coast side. Therefore, the lowest part moves towards the
tip and heel part on the wheel flank.

From Fig. 5, it can be derived that the real ease-off
topography accords with the rolling test results, with con-
tact pattern deflecting to the heel and the tip on the wheel
flank. The noise was a little better than test 1 and test 2,
but got worse as load increased.

5.4 Test 3 (b): redesigning the pinion in test 3 (a)

To improve the situation in test 3, the flank deviations were
considered during the redesign period of the ease-off topogra-
phy to make sure that the simulated real ease-off topography
(shown in Fig. 6a) got close to the original predesigned one,
the redesign target (shown in Fig. 5b). For the drive side, the
contact path was moved 0.5 mm towards the root of the
wheel, the major axis was shortened by 2 mm, and the
blade angle for pinion was reduced by 0.005 rad; for the
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Fig. 5 Design target and Drive Side Coast Side
experimental results of gear pair Root ____Root
with reasonable maximal TE and

major axis of contact ellipse. a Toe | ® HeelToe | Heel
Contact pattern, b predesigned }%
ease-off topography, ¢ real ease- Tip ! Tip
off topography, d rolling test

S ey N

(a) Predesigned contact pattern

30 @

(C) Real easeoff topography

(d) Rolling test

coast side, the contact path was moved 1 mm towards the By means of redesign of the pinion, from the rolling test
toe of the wheel and 1 mm towards the root of the wheel,  results (shown in Fig. 6b), it can be seen that the real contact
and the blade angle for pinion was reduced by 0.005 rad.  pattern get very close to the original designed one (shown in
And then the pinion was ground again using the  Fig. 5a). The noise was improved much than before, in an
remodified machine-tool settings on a five-axis machine. acceptable limit.

Fig. 6 Design target and
experimental results after pinion
remodification. a Simulated real
ease-off topography, b rolling test

(b) Rolling test
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6 Discussion

6.1 The influence of contact attributes on the flank
sensitiveness

Comparing the drive side in test 2 with the drive side in test 3 (a),
the major axis of contact ellipse is 18 mm in test 2 and 14 mm in
test 3 (a), other conditions are identical. The contact pattern is
close to the designed one in test 3 (a) and differs a lot from the
designed one in test 2, although the flank deviation magnitude
doesn’t change much. Similarly, comparing the drive side and the
coast side in test 2, the maximal TEs of both sides are the same,
and the major axis of contact ellipse for the coast side is shorter
by 3 mm than that for the drive side. The rolling test shows that
the contact pattern for the coast side is a little closer to the de-
signed one although the situations for both sides are terrible. It
can be derived that the longer the major axis of contact ellipse,
the more stable the contact pattern.

From the drive side in test 2 to in test 3 (a), the major axis of
contact ellipse is shortened by 4 mm and the real contact
pattern becomes closer to the designed one. From the drive
side in test 3 (a) to test 1, the major axis of contact ellipse is
shortened by 4 mm and the maximal TE is increased by
365 prad, with the result that the real contact pattern becomes
extremely similar to the designed one. The improvement is
greater than the first comparison, it can be speculated that
the increase of the maximal TE is beneficial to the stability
of the contact pattern.

However, it is not favorable to increase the modification
quantity only, especially along the contact path. For example,
in test 1, the maximal transmission error is so great that the
impact is heavy at the very moment when the current pair end
meshing and the next pair start meshing, which result in the
loud noise. The situation in test 2 is that the modification is so
little both along the contact path and along the contact line that
the edge contact occurs, which leads to loud noise, too. There-
fore, reasonable major axis of contact ellipse and maximal TE
is needed.

From the analysis in test 2, it can be seen that the contact
pattern get more influence from the flank deviations which
locate in the vicinity of the contact pattern. For instance, on
the coast side in test 2, although point B gets lower relative to
point C, the contact area is closer to the tip part on the wheel
flank. So the contact pattern is effected more by point D and A
than by point B and C, and moves towards the heel part. In
most cases, such as pressure angle deviation, spiral angle de-
viation, crown deviation style, and so on, the flank deviation
becomes greater as it gets close to the edge of the flank and
usually less in the middle area. Therefore, if the contact pattern
is located in the middle area of the flank, it will be more stable.
Of course, the position and direction of the contact pattern
should be designed according to some other demands simul-
taneously, like load and misalignment.

6.2 The prediction of the contact pattern by the real
ease-off topography

In the tests above, no matter the result is excellent or dreadful,
the calculated real ease-off topography is similar to the final
rolling test result. For instance, in test 1, the real ease-off
topography is similar to the designed one, and the real contact
pattern accords with the designed one. In test 2, the heel part
becomes lower relative to the toe part, and the root part be-
comes lower relative to the tip part, and the lowest part of the
real ease-off topography moves towards the tip and the heel of
the pinion flank; similarly, the real contact pattern is in the
same condition, far from the designed one. Likewise, in test
3, the contact condition of the real ease-off topography is also
similar to the final rolling test tests. Hence, it can be drawn that
real ease-off topography can predict the real contact perfor-
mance of the gear pair, which can be guidance for the design
period.

6.3 The compensation of the flank deviations
through pinion redesign

Although the flank deviations have a negative effect on the
contact properties, for example, the real contact pattern will
deviates from the designed one, the deviations can be com-
pensated during the pinion redesign period. In test 3 (a), the
real contact pattern and the designed one differ because of the
flank deviations. In test 3 (b), the flank deviations are com-
pensated when the pinion is redesigned and the real contact
pattern is close to the original designed one. Therefore, the
detrimental influence of the flank deviations on the contact
performance can be reduced a lot by redesigning the real
ease-off topography with the flank deviations taken into ac-
count, and the recutting/regrinding is conducted on the pinion
only, which is advantageous to cost and time saving.

7 Conclusion

A pinion development approach is presented to obtain excel-
lent contact performance of the face-milled spiral bevel and
hypoid gears by designing and redesigning the pinion flank
form by adjusting the contact attributes. Depending on the
approach, the pinion is cut/ground based on the original de-
sign and the flank deviations are measured. Subsequently, the
deviation sum and the real ease-off topography are obtained.
According to which, the redesigned ease-off topography is
determined. And based on this, the pinion flank is redesigned
by readjusting the contact attributes. Finally, the remodified
machine-tool settings are calculated by the active design
method. In this case, the machine-tool settings are solved di-
rectly through an equation set which can guarantee the first-
order and second-order parameters of the points on the contact
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path of the pinion. Thus, the calculation procedure could in-
crease efficiency and stability to some extent compared with
being regarded as a linear regression problem or optimization
problem. From the experimental results, some meaningful
conclusions can be drawn as follows:

(1) The contact attributes play an important role on the flank
sensitiveness. As the major axis of contact ellipse de-
creases and the maximal TE increases, the flank sensi-
tiveness decreases. On the contrary, as the major axis of
contact ellipse increases and the maximal TE decreases,
the flank sensitiveness increases.

(2) The “real ease-off topography” can predict the real con-
tact pattern and guide design.

(3) The flank deviations can be compensated through pinion
redesign.

The approach could be used for determination of the proper
settings and final manufacturing CNC programs for mass pro-
duction of bevel gears with better meshing properties, if the
processing conditions are stable. This paper deals with hypoid
gears by half generating method, and this approach could also
be applied to other types of face-milled spiral bevel and
hypoid gears.
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