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ABSTRACT

The present work covers the Face-Hobbing method for generation and simulation of
meshing of Face hobbed hypoid gear drive. In this work the generation process of hobbed
hypoid gear has been achieved by determination of the generation function of blade cutter. The
teeth surfaces have been drawn depending on the simulation of the cutting process and the head
cutter motion. Tooth contact analysis (TCA) of such gear drive is presented to evaluate
analytically the transmission error function for concave and convex tooth side due to
misalignment errors. TCA results show that the gear is very sensitive to misalignment errors and
the increasing of the gear teeth number decrease the transmission error for both concave and

convex tooth sides and ensure smooth motion with low vibration.
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Introduction:

Generation of hypoid bevel gears
depends upon the theory of derivation of
gear and pinion tooth surface. The accurate
geometrical representation of gear tooth
surface is the first step to design a
successful gear drive. This paper presents a
mathematical model able to compute the
tooth surface of hypoid gear drive cut by
face-hobbing method (FH). At first a brief
discussion about kinematic relationships of
FH process and about the main
characteristics of face-hobbed tooth cutting
tools will be proposed. Then the cutting
tools will be described analytically, after
that according to the theory of gearing the
cutting process will be simulated and gear

tooth surface will be derived.

1- Face Hobbing Method:

In Fig. (1) FH process are shown
schematically. The head cutter is provided

with (N,) groups of blade. Each group

contains three blades, one for rough cutting
and two finishing blades one for each tooth
side [F. L. Litvin , 1991]. To accomplish
continuous indexing, the head cutter and the
being cut gear are rotated in opposite
directions. While the head cutter is rotated

by the angle (2n/N.) the gear is rotated
through the angle (2n/N.), where (V,) is gear
or pinion teeth number. Thus the next group

of blades will start to cut the next gear tooth
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after finishing the current tooth, according

to that the rotation of the cutter (8.) is

related to that of work piece( &.) by the

ratio ().
R,= N_/N, =8./8, (D
2- Analytical Description of Cutting

Blade Geometry:

The analytical description will be
focused on the two finishing blades only,
which shaped the gear tooth surfaces. Fig.
(2) shows, from two different viewpoints,
the location of one blade group in Gleason
Tri-ac left-handed (LH) head cutter. A left-
handed gear or pinion is cut by a (LH) head
cutter [V. Simon and U. L. Hungary,
2000]. Fig. (3) shows the outer and inner
cutting blades of straight edge without filet.
There are three reference coordinate
systems to specify the blade geometry as

below.

1. S.- Fixed at the pitch point (P)
and its axes parallel to the edge of
the tool blank.

2. S,- Its

P), (%)

coinciding with (x.] , (¥,) and (z,)

() with(v,)

origin at

having hook angle

and (z.).
3. z.- Its origin has been setup at
the tip of the blade and its
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components parallel to

(s, Jcomponents.

(zx.) presents blade angle (pressure angle)

between the projection of the cutting edge
on (x.z.) plane and(z.). The cutting edge

lies entirely on a plane, called rake plane,
which forms rake angle (k.), usually equal

to 12°, with tool blank plane having as
the (¥v.) Hook
(17 ), usually equal to 4.42%, represent the

normal axis. angle

direction of cutting blade with respect to the
head cutter rotation axis (z;,). The eccentric

angle (=) is the angle between (s} and

(s ) coordinate systems.

At first a vector (c.) oriented along
the cutting edge and pointing from point (P)
to the blade tip will be defined in (sy)
system. The upper sign refers to the outer
blade and the lower one refers to inner
blade, [V. Simon and U. L. Hungary,
2000]

tsin (a,)
c. = |sin(a,) tan (k,) (2)
cos (¢,
The normal unit vector to rake plane is.
1sin (k,
n, = [—ca_—? (k) (3)
0

The representations of ¢, 7., c, ,and k, in
(s,) system are [V. Simon and U. L.
Hungary, 2000].

Cyae 1 0 0
F = lc,}_\_ =0 cos(n,) —sin(m)|r
Tz 0 sin(n,) cos(4;)
“)
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My 1 0 0
n, = Ijnb_,l_l = ['D cus () —sin (ng) | n,

Myz 0 sin(n,) cos ()
)
iy, = tan ! (: C,:_;_x____-"'c‘bgj:f(ﬂsi ksi ”nj
(6)
kb = fﬂﬂ_i [: Cg;.:,-.-"':':','_-_r} =f (ﬂ:si ksi Th:j
(7)

Eccentric angle found to be calculated as in
Eq. (8), [F. L. Litvin , 1989]

g, = sin "}(N_r. cos (8,)/(N.)=r,)

()
Where (+.) presents gear radius if (i =1) and
pinion radius if (i =2), and (f) is spiral
angle, r,, is the cutter radius. The measured

€y, 1, and oy, in s, systems are.

cos (g,) 0

[S,-u.l [ cos (g,
€y = |Tny| = |—=in (&,)

sin (g,] 0O

C.’:z 0 0 1
)
. cos (g,) sin(g,) 0
n, = I}?"*l = [_Fiﬂ (,) cos (&) 'Dl My
1 hz 0 0 1
(10)
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an ~tan” (L ey, /epz) T f@plnnyiy)

an

The above eq.s are the analytical
description of cutting blade geometry. Fig.
(4) shows more complex blade shape
consists of four sections and these sections

are.
(I)- Bottom: straight horizontal segment.

(II)- Fillet: circular arc of radius (., fillet

radius) and center at (R).

(II)- Toprem: straight inclined segment
with length (L ;) and angle (7).

(IV)- Curved blade: a circular arc with
radius (p) and center at point (O).

The coordinates of (P) are [V. Simon and
U. L. Hungary, 2000].

Where the upper sign refers to right side of
the plade and the lower sign refers to the left
side of the plade

X, = :hf tan (o)
v, =— hs tan (o) tan (k) > (12)
z, = —h;

J

Point (4) the intersection of (x,) with

the toprem section there for the distance of
(0A4) is

Ly®=2p, Ly cos G—1)

(13)

Where [p.) is the projection of (p) on
(x.. z.) plane and (7) is toprem angle.

323

GENERATION AND TOOTH CONTACT
ANALYSIS (TCA) OF HYPOID GEAR
DRIVE

AOB=sin"" (Lt sin(n/2 —1) /04)

(14)

The intersection of the circular arc with the
Toprem occurs at point (B). The angle

between (OA) and (x.) is, [V. Simon and

U. L. Hungary, 2000]
A=sin"1(z,/04) (15)
Then the coordinates of (A) are
x, = x, = 0A cos(4)
z, =0 (16)
v, =0
&~ +A0B (17)
y=n/2 — (6 —1) (18)
Ly—r ¥y (19)
xp =x, L 1 tan (¥/2) (20)
:R = — '.?'E
Toprem length can be calculated as
L,—L;—r, tan(y/2) 21

The calculation of cutting edge in

(s.) system depends on the blade section to

be calculated, Table (1) propose the

calculation of blade sections in (s, ).
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All points of cutting edge lie in the rake
plane and (v can be obtained as

Bra el Droal f R-TEY 1/

_%:_ (-5 _"rF- T i.i.:;'F _Zi.:_ \bj; Ty

ax T i-\'F -
(22)
And the cutting blade representation in head

cutter center is

r

7 (s)—: -0
L

'H}C'L-?fifv:l I‘\ "LSJI—'r ‘j&m

}s'nff ] ijfﬂ

} CDS

)|
)
|
]

(23)

3- Simulation of FH Cutting Process:

Eq. (23) represents the principle
point to start the simulation process.
According to gearing theory the proper
coordinate transformation able to simulate
the cutting process and compute the gear
drive teeth surfaces. Simulation process has
two forms depending upon generating or

non-generating cutting process.

3.1- FH Cutting Process
Generation:

Without

Fig. (5) show FH cutting machine
which is setup to cut format gear member. A
proper set of reference frames has to be
introduced in order to describe the machine
setting. There are three machine reference

coordinate systems (s,) which has been

specified previously, (s,,) its origin at (o,,)

“r L\.'l‘_,l l| ”"LJJJ" |I.-b )

2012 Journal of Engineering

and (z,,) parallel to (z), (s.,) which has
been setup with its origin at (g,., gear apex)
where (z,,,) coincides with the gear rotation

axis. When the cutter rotates by angle (6)

gear rotation will be (&, &) condition of

continuous indexing.

Gleason saved files (SAF) provides the
details to properly locate, with respect to

reference frame (s,,) machine root angle
(¥.) and machine center to back (4x,). The

setting (H) and (¥) found to be a function of

gear drive shape parameters as in eq.s (24)

and (25), [F. L. Litvin etal, 1991].

V=r, cos (f — &) (24)

H=(r./sin(y,)) —r, sm (B—g,) (25)

Finally the representation of gear tooth
surfaces is

T‘:TJ (EJ Sj - 'Iw'-'-'f "wﬂm !wm‘l "wl.’: ?’:1 (S:I (26)
where
cosé  sind 0
"wm‘l = | —sinf cosd 0 ,
1 0 0 H
M,o,=[0 1 0|+|xV
o0 01 0
cos IE—}'_,_,!) 0 sin (§—« n) 0
Mam=| 0 10 —{ 0
cos (Z—¥,,) -4X,

—sin (S—¥%,) 0
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cos (R,8) sin (R,8) 0
M., =|—sin (R,8) cos(R,08) 0
0 0 1

In Fig. (6) a non-generated gear blank is

drown depending upon eq. (26) by using the
Gleason SAF details (;,,, 4x,,).

The normal vector to these surfaces which is

used to analyze tooth contact analysis is
w2 (8,5) == 1F (6,5) X = #7 (6,5)
2 M gz W ATTS T gg Tw AT

27

3.2- FH Cutting Process with Generation
Motion:

Theoretically FH with generation
motion is based on a generalized concept of
bevel gear generation in which the pinion is
generated by a complementary generation
crown gear. The tooth surfaces of the
generating crown gear are kinematicly
formed by the traces of the head cutter
edge and the cradle rotation, [Dr.Qi Fan,
2007], cradle is a mechanical element

centered at (o,,) and carrying the head

cutter. In generated FH method there are
two sets of related motion are defined. The
first set was specified in eq. (1), the second
set presents the rotation of the cradle and

the pinion as below

(28)
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(R,) represents the roll ratio, (N,) is the

generating crown gear teeth number, (¢) is
the crown gear rotation. Fig. (7) show FH
cutting machine which is ready to cut the
generated pinion. It is seen that the

reference coordinate systems (sy,), (s,,) and

()

respectively to the head cutter, machine

have been rigidly connected
center and work piece. The (s.) system
rigidly connect to the cradle. The rotation of
pinion is a function of () and cradle

rotation (¢).

6,=R, 6 +R_ ¢ (29)

Radial setting (s,) and cradle angle (q) can
be computed as in eq.s (30) and (31).

(30)

1)

The Gleason SAF kept the values of
(&,) and of all the setting to properly locate,
with respect to the reference frame (s,,), the
pinion setting
E,,.: pinion offset ,¥,, : machine root angle
,Ax,: sliding base , i : tilt angle ,j : swivel
angle

The cutting edges representation in (s,,) is
derived in eq. (32)
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Tf (8.¢.51=
MM, M, M, Mo Mg, My -'ufi,,?“ (=)
(32)
Where
ccs sind 0
My, =|—sinf cos8 0,
L 0 0 1
[ cosi 0 s=ini
-'Il"f:-l = D 1 'D B
L—zini 0 rcosi
cosj Tsinj 0
My, =|Lsinj cosj 0
0 0 1
iz _ T T_ Y Al
| cosi;—4q) siniz—a) O ron
— PR . . dalzo
Me3 T ld einlZ—al raclZ—aal ol T 1T3]
|—- l‘g ) Al l_g r_) | !_ 0 J
| 0 0 14
casg sing 0
M,.=|sing cosg 0
0 0 L

1 0 0 a
M,.. 0 1 0|+|zZE. |
00 0 —AX,

[ cosC—q) sinC—q)| [ o
T —4x,

O-—
—sin(>—q) cos(Z—q)

Mz, =

[ e ]

cos(R,A+R,¢)  sincos(R,0+R.¢)
M, =|-sincos(R,0 +R,¢) coscos(R,6+R,4)
0 0 1

Eq. (32), unlike eq. (26), is not surface but
represents family of surfaces. In order to
drive the tooth surfaces it is necessary to
calculate the set of points for whom, the eq.
(33), which represents the tooth surface

points, satisfied [F. L. Litvin etal, 1991].

2012 Journal of Engineering

a-‘mima-‘mim Pra o 3
8 BRI 691\*1'1-'1*;) (ﬂ ik\"’.l"r".l-‘l,-') 0

(33)

By using a proper values that satisfy eq.
(32) and (33) each part of the tooth surface
is generated. The normal vector to these

surfaces is obtain by eq. (34)

] Z p g =
n; (6, ¢, 5) =3 (8, ¢, 5) XETi (8,9, 5)

(34)

Fig. (8) shows hypoid pinion blank, the two
meshed gears are shown in Fig. (9).

4 - Determination of Transmission
Error:
The transmission function of an
ideal gear drive is a linear one which is

depends on ratio of gear teeth number

(35)

Due to misalignment between the meshing

gears the real transmission function &- (8, )

becomes piecewise periodic function with
the period equal to the cycle of meshing of a
pair of teeth. Due to The jump of angular
velocity at the junction of cycles the
acceleration approaches to large value of
acceleration that cause large vibration and
noise, for this reason it is necessary to
predesign a  parabolic function of
transmission error that can absorb a linear

function of transmission error and reduce
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of
acceleration [F. L. Litvin and Yi Zhang,
1991] and [F. L. Litvin, 2006]. The linear

the jump angular  velocity and

transmission function and the predesigned
function are in tangency at the mean contact

point and have the same derivative (m,, ) at

this point.

my, =06, /a8, =N, /N, (36)

The predesigned transmission function is

represented as

6, —6.” = F(8, -8 (37)

Here (9;'}"') and (5'::':".') are the initial angles
of rotation of pinion and gear that provide
the tangency of gear tooth surfaces a mean
contact point (M). By using the Taylor
expansion up to the members of second

order, [F. L. Litvin, 2006].

5

(0
e F(8,—8,71+.5

F(y, —8,""

g2 (0)
= F(8, -6

=my; (8;— 0,°) .5 1, (38)

(m,,) is the to be chosen constant value:

positive for the gear concave side, and
negative for the gear convex side. The
synthesized gears rotates with a parabolic
function of transmission errors represented

by

A48,(6y) = .5 myy (6, — 81::&}):
(39)
Where
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-/N, = (6, — 6,1 = N,

Eq. (39) enables the determination of (1i1,,),

considering as known the expected values of
transmission errors [F. L. Litvin, 1989]. Eq.
(39) has another form of second order
function [Dr. Q. Fan and Dr. L. Wilcox,
2006].
48,(6,)=
a,+b, (6;—8,")—c, (6,-6,")

(40)

5.
Contact Analysis (TCA):

Results and Discussions of Tooth

All the results of tooth contact that
has been shown in Fig.s (11)--(19) specify
the shape and magnitude of transmission
errors for both tooth concave and convex
side for different teeth number. These
results are based on eq. (40) and by using
the maximum transmission errors presented
in [T. J. Maiuri, 2006], [V. Simon and U.
L. Hungary, 2000]. The pinion has been

shifted along its axis by =AP and also the

misalignment can be achieved by changing

the center distance (=AE) which means the

error of pinion shaft offset as shown in Fig.
(9). The results show that the hypoid bevel
gear is so sensitive to assembly errors, both
misalignment procedures show that the
transmission error functions have a linear or
almost linear shape far away the mean

contact point, the increasing of teeth number
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minimize the transmission error
significantly and vibration will appear in
every cycle of meshing. The misalignment
for convex side is AE=0.508 mm, AP=-

0.254 mm, and for concave side is AE=.254

mm,AP=-0.102 mm.

The gear and pinion machine- tool settings

are shown in Table (3) and (4) respectively.

6- Conclusions:

The main conclusions obtained from
the present work can be summarized as

follow:

1. The modified mathematical model
for tooth surface representation of
face hobbed hypoid gear and its
application for computerized design

of these gears have been presented.

2. From tooth contact result its clear

that:

i.  The hypoid gear drive is very
sensitive to misalignment of
their meshing.

ii. The parabolic shape of
transmission function have a
linear shape far away the
mean contact point.

iii.  The increasing of gear teeth

number minimizes the

Volume 18 march 2012
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transmission  errors  and

ensure smooth transmission

performance and low noise.
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NOMENCLATURES

Symbol Description Unit

Cy, Cutting edge description in 5}, system ---

C4 Cutting edge description in 3, system -

Cy, Cutting edge description in 5}, system -
E.. Pinion offset mm
hf Blade height mm
H Machine horizontal setting mm

i Tilt angle degree
i Swivel angle degree
My, Cutting edge unit normal in &, ---
M, Cutting edge unit normal in 5
Ty, Cutting edge unit normal in 5, ---
r?,;.1 (8, ¢,5) Normal of pinion tooth surfaces -

r?,; (7,5) Normal vector of gear tooth surfaces

Ny Pinion tooth number -

N, Gear tooth number ---

N, Cutting blade number

! ’3 Crown gear teeth number -

Ty, Cutter radius mm
T, Filet radius mm
o (s) Description of deferent cutting sections mm
T‘.l'u [15', @, 5‘) Pinion toot surfaces mm
v (8,s) Gear tooth surfaces mm
R, Ratio of gear drive rotation ---

14 Machine vertical setting mm
ity Pressure angle in 5, degree
(4 98 Pressure angle degree
ity Pressure angle in 5}, degree
54 Pinion spiral angle degree
i Gear spiral angle degree
¥ Cutting blade filet angle degree
- Pitch angle degree
&y Eccentric angle degree
My Hook angle degree
{3';.: E".', {?.f o) Initial angle of rotation for gear and degree

and pinion

Y| 19: (191 j Error transmission function degree
T Toprem angle degree
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Table (1), calculation of different blade sections in (s,) coordinate system.

Blade i [E(s]]
part | ¥ : i)
il (=5 = x;)
Bottom | [ s =0 g
. P [ Xt stn{s S (7y) |
0xs* L 1 4 (
hiERE | : l=r, (1= cos( s* /7))
7 (e nslals ) T =L)s@E~-1) )
I o fee g a5 N o " - - h
Toprem | T | by 55 S Ly = L l—*;ii — cos(s¥/r)) = (s = L) cos(6 —1) }
enrvad o (X5 = p-cos(8 =(s" =L, =L.)/0.))
7 Ly =L; =5 e n ¢
blade |1 oo zo—p.sin(6=(s" =L, = L)/p.))
Table (2), Hypoid gear design data.
Pinion Gear
Number of teeth 12 30
Module (mm) 6 6
Running offset (mm) 15
Outside diameter (mm) 72 180
Face width (mum) 31 27
Mean spiral angle (deg.) 30 20
Pitch angle (deg ) 185 715
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Table (3), Gear machine- tool settings.

Cutter radius (mm). 75.184
Cutter blade angle (deg.) 17
Point width (mm) 2032
Basic machine rootangle ¥, (deg) 64.5986
Machine center to back('_\.j’p} {mm) 2358

Table (4). Pinion machine- tool setting.(for concave and convex side)

Setting Value
Cutter radius (mm) 755
Cutter blade angle (deg.) 17
Machine root angle (deg.) -3.44
Basic tilt angle (deg.) 21.22
Basic swivel angle (deg.) -34.18
Basic cradle angle (deg.) 79.81
Sliding base setting (deg.) 16.498
Machine center to back (mm) -1.117
Blank offset setting (mm) 23411
Ratio of roll 3.5510
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\BEI!EI Circle

Fig (1). Face Hobbing process

Fig (2). LH blade group mounted in the head cutter
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LH outer blade LH inner blade

Fig (3),LH group blades.

0
o
-“Z\:H‘H : s
WAL T
%, '\\ — -~
s Ik =
N8 L
pr < |
“, ..\\ I .\.
% -S’f--*‘;i:‘-\_- , 7 Toprem
b N
\, ’a
Curved blade i :
a1
Outer Blade Inner Blade
Outer blade Innerblade

Fig. (4) projection of the curved LH on %, 2, plane .
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Head cutter rotation 0
Yi Y,
(XN
¥, k X
H 1,
v
0.
Work-place rotation R0
Z,
Machine plane

ZoZ

Fig (5)cutting machine setup for cutting non-generated gear.

e ﬂ me | 0= 22 degree
A p=30 degree
7= 60 degree
r=90 mm
h.=4mm
N, =25

Fig. (6)(a). A non-generated gear blank
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Y. Machine pinne
¥,
e
e
a
,/Z/ 5
(- &

] Wark-piocs rotaton R+ e x,
Z, L v, £ Hoad eutier rotation 0
e W, A WView B
,
¥,
O ¥ 2
i g

Fig (7). Cutting machine setup for manufacturinga generated gear .

' AN o= 22 degree
B=37 degree
=50 degree
r=50 mm

h.=4mm

4

J'f.1= 10

Fig (8). Hypoid pinion blank
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Fig. (9), Hypoid gear drive

Yy:_ Yiz AE

-AP +AP
Zir
+AE
+AG
Yo Yiez Zir

-AG

| Zg=Zr2

Fig (10). Hypoid gear misalignment.
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§ { 16 -16 0 16
A | g (T
f [ .'f \
/ \ [\ [ 1]
™ |
f ur & I
R e § -
= T f T | |
ll[ | lI ||
| | | |
| | |
| \ | 4 | ||
| ?\‘ I 1l
1] ARmE
ot anme
% | '
o |I ll " |
| 3 f |
| i | |
l | |
| |
Pinion rotation angle {deg.} Hananlsinangedag)
Fig (11). Concave side transmission Fig. (12). Concave side transmission
function, Ny=25 funetion, N;=22
-16 14 § 0
f
! - II
TR e o
Z / \ | . o1 III ||
= | \ - J n

15375
| - i e |
42,25
T +
| T—
—- o )
.

H3.37s

Pinion rotation angle (deg.) Pinionrotation angle (deg )

Fig (13).Concave side transmission Fig. (14). Concave side transmission
fanction. N, =2 function. Ny=18

337



Number 3 Volume 18 march 2012 Journal of Engineering

- ) III |I | ur al | ]} I |

LIS

S13525

3.5
2725

SaLank VR R

Pinicn rotation angle (deg.)

Pinion rotation angle (deg.)

Fig (15). Convex side transmission Fig. (16). Convex side transmission
function, Ny=25 function, Ny=22
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Fig (17). Convex side transmission Fig. (18).Convex side transmission
function, N;=20 function. Ny=18
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Fig (19). Variation of transmission error with teeth number.
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