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Abstract To eliminate the tooth edge contact and improve the
distribution of the tooth contact stress for face-hobbed spiral
bevel gears in the case of heavy load and misalignment con-
sidered, optimizing the cutter blade profile is one of the most
effective solutions. Generally, a segment of circle arc is used
to substitute the straight line to get a desired theoretical tooth
contact pattern, however, which is not sufficient for a heavy-
loaded gear pair. A multi-segment cutter blade profile with
Toprem, Flankrem, and cutter tip is introduced to obtain the
ideal load and contact stress distribution. First, the structure of
cutter head is described geometrically, the mathematical mod-
el of new cutter blade profile is built, and the equation for each
section is given in detail. Then, the calculations of all design
parameters are represented step by step. Finally, a contrast
experiment between the original cutter and new optimal cutter,
including tooth contact analysis, finite element analysis, and
practical rolling check, is carried out for Oerlikon hypoid
gears to verify effectiveness.

Keywords Cutter blade profile - Tooth edge contact -
Face-hobbed spiral bevel gears - Tooth contact analysis - Finite
element analysis

1 Introduction

Face-hobbed spiral bevel gears are widely used in main drive
mechanism of vehicles to transmit power. The face-hobbing

< Shimin Mao
maoshml1@263.net

! School of Mechanical Engincering, Xi’an Jiaotong University,

Xianning West Road, Xi’an 710049, China

method is a continuous indexing method and includes two
categories: Klingelnberg and Oerlikon. In recent years, face-
hobbed gears attract more and more attention of researchers
and users because of their advantages in stability of contact
pattern, noise, and strength. A series of achievements have
been achieved. A mathematical model of hypoid generator
was established by Litvin [1], a mathematical model for uni-
versal face-hobbing method was built by Fong and Shih [2],
and a tooth topography modification method based on ease-
off was also discussed by Fong and Shih [3]. The mathemat-
ical model of Klingelnberg cyclo-palloid was also built by
Fang [4]. Simon has done a lot of work about face-hobbed
gear design and tooth modification based on computer numer-
ical control (CNC) machine: a header cutter with bicircular
profile and with optimal diameter was developed in [5], an
advanced design method based on the cutter was pre-
sented in [6], and the corresponding tooth contact anal-
ysis was presented in [7]; polynomial functions were
applied to induce variations in the cradle radial setting
and the velocity ratio in the kinematic scheme of the
machine tool for the generation of the pinion tooth sur-
faces corresponding to reduced transmission error ampli-
tudes in [8] and [9], a novel method for load distribu-
tion calculation is applied to investigate the influence of
tooth modifications on loaded tooth contact in [10], and
based on [8-10], the optimization methodologies were
developed to minimize tooth contact pressures, angular
displacement error of driven gear, and transmission error
n [11] and [12]; the influence of misalignment on EHD
lubrication in face-hobbed spiral bevel gears was
discussed in [13], and optimal tooth modifications were
presented in [14]; a method which controlled the execu-
tion of motions on the CNC hypoid generation using
the relations on the cradle-type machine was proposed
in [15]. Kawasaki researched the effect of transmission
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Fig. 1 Description of cutter head geometry

performance by substituting straight cutter blade for arc
cutter blade [16, 17]. Fan established the kinematics
model of face-hobbing indexing and divided the cutter
blade profile into four parts [18]; however, it was not
involved on how to divide them. The universal motion
concept (UMC) using a cutter head with four-segment
blade profile was developed by Fan in [19], and tooth
surface error correction was presented based on UMC in
[20].

Practice shows that it is likely to generate the tooth edge
contact in the case of heavy load, even though the gear design
is perfect in theory. To remedy this problem, this paper aims to
develop an optimal method of complete cutter blade profile to
improve the distribution of tooth contact stress and finite ele-
ment analysis (FEA) is utilized to verify the feasibility of the
method.

Fig. 2 Description of multi-
segment cutter blade profile

2 Modeling of complete cutter blade profile
2.1 Cutter head structure

Generally, cutters for face-hobbed spiral bevel gears are divid-
ed into two categories: two-part cutter for Klingelnberg and
integral cutter for Oerlikon. Each cutter blade group includes
inside blade for cutting tooth convex and outside blade for
cutting tooth concave at least.

The geometrical description of left-hand cutter head
is shown in Fig. 1. rg, r;, r, are the nominal, inner, and
outer radius of cutter head, respectively; p, is the radius
of roll circle, and v is the lead angle. S; is the coordi-
nate of cutter head, which is fixed to the cutter head. S,
is the coordinate of cutter blade, an x-axis of which is
tangent to the roll circle.

The description of cutter edge profile in Sy is represented by
the following matrix equation (based on Fig. 1):

l'k(ll) = Mkbrb(u) (1)

The coordinate transformation from Sy to Sy is

cosv sin(£v) 0 7y
| -sin(£v)  cosy 0 0
Mo = 0 0 1 0 @)
0 0 0

The upper “+” is used for left-hand cutter, and the lower
“=is used for right-hand cutter.

2.2 Geometry of cutter blade profile

The cutter blade profile of finish cutter is usually composed of
circular arc profile and tool nose arc. This type can achieve a
good transmission performance and contact pattern when
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Fig. 3 Start boundary of tooth contact of gear tooth

there is no load or light load. However, when there is a heavy
load or misalignment, the tooth edge contact (tip-root
interference) is likely to happen. A multi-lobe cutter blade
profile is introduced to improve this condition in this paper.

As shown in Fig. 2, the multi-segment cutter blade profile
consists of five sections: tool nose arc (12), Toprem (23), main
profile (34), Flankrem (45), and blade top (16). For conve-
nience, every section is a circular arc except the blade top
which is a straight line.

Assuming that u is the parameter of the profile, o, is the
origin; the positive direction is shown in Fig. 2. The equation
of each section is shown as follows:

Main profile:

Xp = p[cos (ano—u/p> —cosa,,o] )
zp = p[sinano—sin (ang—u/p)]

Toprem:

xp = p(cosa,3—cosyg) + prg(cosU—cosay;3)
zg = hyer—hrr + prp(sina,s;—sinU) 4)

U= a"37(u7130)/pTR

Flankrem:

xg = p(coSay4—C08ay0) + prr(cosU—cosas)
zp = Mot + hpr—hw + pTR(sinan4—sinU) (5)

U= amu—(u+ 140)/PRR

—é— Theor. flankrem boundary, clacu
—%— Actual flankrem boundary, calcu

toe
EEN

buttom
Fig. 4 The theoretical and actual Flankrem boundary of pinion tooth

= Theori. toprem boundary, given
—6— Actual toprem boundary, calcu

toe
BEEL]

buttom
Fig. 5 The theoretical and actual Toprem boundary of pinion tooth

Tool nose arc:

xp = p(COSQ,3—COSQ0) + PegCOSAU
+prr(cosan—co8ay;3)—pegcosU
zZp = href_ped + pedsinU (6)

U=ap+ (u*123*130)/ﬂcd

where [;; is the arc length of each section and «,; is the
profile angle of each point. All of them can be acquired
through sample calculation.

3 Design of cutter blade profile

As shown in Fig. 2, the cutter blade profile will be
determined, if we get the following values: blade profile
angle («,), reference height (%..¢), profile curvature ra-
dius (p), Toprem height (h7z), Toprem curvature radius
(prr), Flankrem height (/zz), Flankrem curvature radius
(prr), edge radius (peq), blade top width (w,), and blade
top slope angle (¢). How to determine them is called
the design of cutter blade profile.

Generally, /.. depends on tooth reference point and tooth
height and p is calculated by tooth contact analysis (TCA), so
both of them are not introduced in this paper. The calculation

Blade clearance

Trajectory of mating
tooth tip point H

N: Pt

a cut off b interference

Fig. 6 Blade tip cutoff (a) and tooth tip interference (b)
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Table 3  Original cutter data

Table 1  Gear pair data

Pinion Gear
Shaft angle (°)/offset (mm) 90/30
Number of teeth 10 37
Module (mm) - 12.703
Face width (mm) 65.48 60.00
Pitch cone angle (°) 18.9245 76.9537
Mean spiral angle (°) 43.7767 35
Mean cone distance (mm) 186.12 210.95

of others will be discussed in detail. The steps will be repre-
sented by taking the cutter blade profile for pinion as an

example.

First, by assuming that the gear (wheel) tooth without mod-

Pinion cutter Gear cutter

Outside  Inside Outside  Inside
Number of blade groups 17 17
Cutter radius (mm) 174.056 174741  174.056  174.741
Blade flank angle (°) 25.415 21.55 25415 21.55
Lead angle (°) 26.569 26.457 26.569 26.457
Axial grind depth (mm) ~ 22.12 22.12 22.12 22.12
Reference height (mm) 11.087 11.592 11.087 11.592
Radius curvature (mm) 1500 1500 1500 1500
Edge radius (mm) 1.2 1.2 1.2 1.2
Blade top width (mm) 1.14 1.14 1.14 1.14
Edge radius, clear (mm) 0.8 0.1 0.8 0.1

ification and the profile curvature radius of pinion blade are
known, the concrete steps are undertaken as follows:

(@

(b)

©

Define the start boundary of tooth contact for gear. The
start boundary of tooth contact is a straight line which is
parallel to the tooth tip. As shown in Fig. 3, Ag; is the
distance from the start boundary to the tooth tip in the
gear tooth.

Calculate the theoretical Toprem boundary for pinion.
The theoretical Toprem boundary is a point set composed
of the pinion tooth points which mesh with the start
boundary given in (a). Consequently, this step needs
the meshing function of gear pair. The boundary is the
line with diamonds (red) in Fig. 4.

Calculate the Toprem height (hrg). First is to calculate u
sets composed of surface parameter u of each point in the
theoretical Toprem boundary, and their calculations need
the meshing function between pinion and the generating
crown gear. Then, minimum u,,;, can be decided. Its

Table 2 Machine settings

Pinion Gear

Tilt angle (°) 20.39 0
Swivel angle (°) 325310 0
Radial distance (mm) 247.286 0
Vertical (mm) - 183.901
Horizontal (mm) - 172.422
Work offset (mm) 30.586 0

Mach center to cross point (mm) —0.2948 0
Sliding base (mm) 46.644 0
Machine root angle (°) -0.4 70.890
Ratio of roll 3.69776 -
Center roll position (°) 54.42 0

(d)

locus is the actual Toprem boundary, which is the line
with inverted triangles (blue) in Fig. 4. A7y is the distance
from point u,;, to blade tip when £=0.

Calculate the Flankrem height (hgp). First is to select the
start boundary in pinion tooth as (a), second is to calcu-
late the u sets according to the theoretical Flankrem
boundary (Fig. 5) as (c¢), and then maximum u,,,, can
be decided. Its locus is the actual Flankrem boundary in
Fig. 5. hpp is the distance from the point u,,,, to the blade
root. It is worth noting that all elements of « sets in this
step are negative.

Table 4 New optimal cutter data

Pinion cutter Gear cutter

Outside  Inside Outside  Inside
Number of blade groups 17 17
Cutter radius (mm) 174.056  174.741 175464 174282
Blade flank angle (°) 25.415 21.55 25.212 21.973
Lead angle (°) 26.569 26.457 26.339 26.534
Axial grind depth (mm) ~ 22.12 22.12 22.124 22.124
Reference height (mm) 11 11.592 11.35 11.35
Radius curvature (mm) 1500 1500 1500 1500
Toprem height (mm) 437 4.64 9.65 4.99
Toprem radius (mm) 40 42 246 30
Toprem value (mm) 0.15 0.15 0.15 0.15
Flankrem height (mm) 7.02 6.39 - -
Flankrem radius (mm) 72 53 - -
Flankrem value (mm) 0.25 0.25 - -
Edge radius (mm) 1.8 1.8 3.0 3.0
Blade top width (mm) 0.5 0.8 2.1 2.1
Top slope angle (°) 3.0 -3.0 0 0
Edge radius, clear (mm) 1.0 1.0 1.5 1.5
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Fig. 7 Tooth contact patterns
corresponding to original and new

Original cutter New optimal cutter

optimal cutter Toe
V=0.4mm
H=0.5mm

Mean
V=H=0mm

Heel
V=-1.6mm
H=0.8mm

(e) Calculate the curvature radius (prr and prg). Toprem
curvature radius (p7y) is calculated according to the con-
dition of tangential contact and the given value drat point
2. Similarly, Flankrem curvature radius (pzz) can be de-
rived according to the condition of tangential contact and
the given value d at point 4.

(f) Decide the blade edge radius (peq). The edge radius (peq)
cannot be calculated directly, which is influenced by the
blade top width (w,) and the top slope angle (). There-
fore, the value of pq is selected using a trial and error
method. However, there are two rules must be observed:

1. Choose the maximum value without excessive cutoff
(Fig. 6a)

2. Choose the maximum value without interference be-
tween the tooth transition surface and the trajectory of
matching tooth flank tip (Fig. 6b).

Although the above calculations are quite complicated, if
the value Agy, d7p and dzp are given, the pinion cutter blade
profile could be determined. Similarly, for gear cutter, the
value Agy, d7p and dzp are needed.

4 Experiment study
In this section, tooth contact analysis (TCA), finite element

analysis (FEA), and rolling check were carried out on a pair of
hypoid gears manufactured using a Oerlikon “Spirac” method.

4.1 Gear pair and cutter data

The data of the hypoid gears, machine settings, and original
cutter are all presented in Tables 1, 2, and 3. The configura-
tions of control parameters are decided using a trial and error
method. The new optimal cutter data calculated using the
above method are presented in details in Table 4.

4.2 Tooth contact analysis

With the machine settings and cutter data listed in above ta-
bles, tooth surface points of pinion and mating gear could be
derived from computer program based on the mathematic
model presented in [2]. Then, TCA can be done using the
coordinate, normal, and curvature parameters of tooth surface
point and the tooth contact patterns of the hypoid gear pair
manufactured using original cutters and the new optimal cut-
ters are listed in Fig. 7.

As shown in Fig. 7, tooth contact patterns which located in
the toe, mean, and heel, respectively, are illustrated and their
V—H values are also labeled. The left column of the contact
patterns is corresponding to the original cutter, and the right is
to the new optimal cutter. From the pictures, we can see that
the shapes of contact patterns to the original cutter are all
diamond rhombus with sharp corners and the patterns corre-
sponding to the new cutter are similar. However, when the
corner of the pattern gets close to the tip or root, it will be
changed like chamfering and not a sharp corner at all (toe and
heel). That is to say, the new cutter could avoid the tip-root
contact effectively. From the figures, we can also see that the

Fig. 8 Tooth contact patterns for
single tooth meshing

Original cutter New optimal cutter

corresponding to original and new

. Driving side
optimal cutter

(gear convex)

Coasting side
(gear concave)
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sizes and positions of the contact patterns corresponding to the
two cutters always are identical whenever they are in the toe,
mean, or heel. In others words, the new optimal cutter does not
change the position of the tooth contact pattern.

The complete tooth contact pattern for the single tooth
meshing (without considering tooth contact ratio) is shown
in Fig. 8. Similar to Fig. 7, the left column corresponds to
the original cutter and the right corresponds to the new optimal
cutter. Figure § visually shows that the tooth edge contact
occurred in both driving and coasting side for the left column
but did not occur in the right column. Thus, it can be seen that
this blade profile optimal method does improve the distribu-
tion of tooth contact stress indeed.

In a word, the new cutter could avoid the tooth edge contact
validly without influencing the tooth contact pattern’s position
and size.

Fig. 10 a—d FEA results for
original and new optimal cutters
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a) Original cutter for pinion

¢) Original cutter for gear
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4.3 Finite element analysis

In order to ensure the accuracy of the finite element analysis, a
new model method which treats the actual tooth surface points
as element’s nodes is introduced in this paper. This method
can avoid nodes’ errors resulting from modeling, especially in
the tip of pinion tooth flank and transition surface.

The FEA model can be built using the above modeling
method. According to the convergence analysis, a grid of
(25+9)x61 is chosen, which means that there are 25 nodes
for tooth flank and 9 nodes for transition surface in the direc-
tion of tooth height and 61 nodes in the direction of face width.
The six-tooth FEA model is shown in Fig. 9.

A group of the misalignment (E=—0.3641 mm, p=
0.3498 mm, G=0.0133 mm, 4=0.0327°) was used, which
was derived from the test bed by measuring in the case of a
heavy load of 30,000 Nm. The two groups of FEA for driving
side were carried out through the Abaqus software at the same
conditions, respectively, and each group was composed of 20
continuous positions for a complete meshing process of one
tooth. The FEA results of the 15th position for original cutter
and new optimal cutter are shown in Fig. 10.

The figures about original cutter show that the maximum
tooth contact stress occurs in tooth tip or root for each position,
the maximum stress is up to 2527 MPa in pinion tooth and
2212 MPa in gear tooth. The pictures about new cutter indicate
that all maximum stresses for optimal cutter occur in the inner
of'tooth flank; the maximum stress is 1927 MPa in pinion tooth
and 2014 MPa in gear tooth. Comparing two groups of FEA
results, we can get that the new cutter greatly improves the
distribution of tooth contact stress, eliminates the tooth edge
contact, and decreases the maximum stress observably.
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Fig. 11 a—d Color nephograms Original cutter, max =2598.09MPa T Optimal cutter, max =1963.18MPa 500
of maximum contact stress tip i
; v 2000 2000
1500 1500
1000 1000
500 500
buttom o o
a) Original cutter for pinion b) New optimal cutter for pinion
Optimal cutter, max =2249.82MPa Optimal cutter, max =2024.96MPa
f 2500 o 2500
A 2000 2000
1500 1500
1000 1000
500 500
buttom 0 buttom o
¢) Original cutter for gear d) New optimal cutter for gear

The color nephograms of contact stress (Fig. 11) also were
made out according to the maximum stress of each node in the
20 positions to explain the distribution of contact stress in the
total meshing process. Figure 11 visually describes that the
new optimal cutter avoided the tip-root contact effectively
and reduced the maximum contact stress observably without
changing the desired tooth contact pattern. The rate of de-
crease is up to 24.44 % (from 2598.09 to 1963.18) in the
pinion tooth and also 9.99 % (from 2249.82 to 2024.96) in
the matching gear tooth.

4.4 Rolling check

The cutting and rolling test experiments were carried out to
validate this method further. The new optimal cutter blades

~ - $ ®

A
a) test gear pair b) mean

c) toe d) heel
Fig. 12 a—d Tooth contact patterns of rolling check

were grinded using the Gleason BPG grinding machine, and
the hypoid gears were cut using the Gleason Phoenix II
600HC milling machine. In order to compare the theoretical
TCA contact patterns conveniently, the same values of V-H
were used during the rolling check and the corresponding
results are shown in Fig. 12.

The hypoid gears manufactured using new cutters and used
to rolling check are shown in Fig. 12a, and rolling check
contact patterns lengthwise located in the mean, toe, and heel
along the tooth are shown in Fig. 12b—d, respectively. Com-
paring with the TCA results shown in Fig. 7 (right column),
there were little differences between the real contact patterns
and the theoretical ones: the real contact pattern in Fig. 12b
becomes a little close to the toe relative to the theoretical one,
and the real contact pattern in Fig. 12c moves a little to the
root. Nevertheless, the position, size, and shape of the real
contact patterns and the theoretical ones were very consistent
on the whole. The rolling results validated the effectiveness of
the new optimal method in practice again.

5 Conclusion

This paper discusses an optimal design method of cutter blade
profile for face-hobbed spiral bevel gears, which is a multi-
segment composed of five sections. The formula of each sec-
tion and the calculation method (or rules) of unknown param-
eters are given in detail. The theoretical comparison of tooth
contact patterns by TCA between the new optimal cutter and
original cutter is carried out. An accuracy gear FEA modeling
method which treats tooth surface points as element’s nodes is
also described. The FEA results in the case of heavy load
indicate that the method could avoid or eliminate the tooth
edge contact effectively and decrease the maximum tooth
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contact stress observably. This method can also be applied to
other rotary cutters directly.
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