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Abstract: In order to analyze the influence of setting error of tool on both tooth profile and contact characteristic of

orthogonal face gear drive, the coordinate systems with and without setting error are established. Moreover, the e-

quations of tooth profile and contact points of face gear drive are derived by envelope principle. According to the e-

quations, the change of tooth profile and the contact points position on face gear are analyzed. The tooth surface

and contact points are obtained by numerical simulation. Results show that the tooth profile and contact character-

istic of face gear drive are not sensitive to the setting error of tool.
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1 Introduction

The face gear drive is a gear driving that a
spur pinion meshes with a face gear, which the
pinion shaft and face gear shaft can be intersecting
or non-intersecting, and the face gear is processed
by involute gear sharper cutter. Compared with
the bevel gear drive, face gear drive has many ad-

1, such as simplified of structure, re-

vantages
duction of weight and noise, better split-power
effect, decreased of vibration etc. Therefore, the
face gear drive is suitable for application in heli-
copter transmissions, but a substantial step in the
technology of face gear drive is based on process-
ing of high precision face gear.

The performed research is based on applica-
tion of modern theory that has been research by
In the

references, the tooth profile and contact special-

Litvin, Zhu Rupeng, Zhao Ning,et alt*'%,

ties of master face gear drive have been re-

[4-11]

searched , but in machining process, setting

error of tool will influence the tooth profile and
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contact characteristic of face gear drive. There-
fore, the influence of the setting error of tool

needs to be studied.

2 Tooth Profile Equation of Face
Gear with Setting Error of Tool

2.1 Coordinate systems of processing

The processing error of face gear is caused by
the errors of gear shaping machine, fixtures of
workpiece, setting of shaper cutter, machining
deformation, machine tool stiffness, motion error
of machine tool, profile error of tool, etc. The
errors of gear shaping machine and fixture of
workpiece can be regarded as the misalignment of
shaper cutter. Therefore, only the processing er-
ror caused by setting of shaper cutter is analyzed
in the paper. The setting error of shaper cutter
includes two forms, one is misalignment of offset
of shaper cutter, and the other is misalignment of
obliquity of shaper.

The coordinate systems of processing which
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are with misalignment of offset are shown in
Fig. 1. The fixed coordinate system of face gear is
OrXrYrZy, and the face gear rotates around the
axis of OpZ with the angular velocity of w,. The
fixed coordinate system of standard shaper cutter
for standard installation is Oy-X Y uZ s and the
shaper cutter rotates around the axis of OyZy
with the angular velocity of w,. The fixed coordi-
nate system of shaper cutter with misalignment of
offset along the axis of OyXy is O -X 1Y Zp s
and the shaper rotates around the axis of On Zp
with the angular velocity of w,. The fixed coordi-
nate system of shaper with misalignment of offset
along the axis of OyYyis O-X1Y 1 Z 15 » and the
shaper rotates around the axis of Oy, Z;, with the
angular velocity of w,. The parameters a and b
are the offset of coordinate systems of O -X 1
YrnZr and Op -X 1Y Z1y from the standard sys-
tem Oy-X yYuZy s respectively. And parameter d
is the location datum of shaper from workpiece of

face gear.

Workpiece of face gear

Zr,

Fig. 1 Coordinate system with setting error of offset

The coordinate systems of processing which
are with misalignment of obliquity are shown in
Fig. 2. The fixed coordinate systems of face gear
and standard shaper of standard installation are
the same as coordinate systems in Fig. 1. The
fixed coordinate system of shaper with misalign-
ment of obliquity rotating around the axis of
OuYyis O -X15Y 3 Zry s and the shaper rotates
around the axis of O3 Z5 with the angular veloci-
ty of ws. The fixed coordinate system of shaper
with misalignment of obliquity rotating around

the axis Of ()MXM is ()T4 7XT4 YT4 ZT47 and the

Fig. 2 Coordinate system with setting error of obliquity

shaper rotates around the axis of Oy Z4, with the
angular velocity of w,. The parameters ¢, and ¢,
are the deflection angle of coordinates systems of
Orp-X1 Yy Zrs and Op-Xp Yo Z4y from the
standard system On-X Y yuZy» respectively.

2.2 [Equation of standard face gear

Standard face gear is machined by the shaper
cutter which is standard installation through en-
velope theory. In machining process, the shaper
cutter is an involute cylindrical gear, and the co-
ordinate system of shaper cutter is shown in
Fig. 3. The coordinate system OpXyYyZy is

rigidly connected to the shaper.

1 143 \

/
\ Ty

Fig. 3 Coordinate system of shaper

The equation of the tooth surface 3, of the

shaper cutter is given byt!1%

JXM =+ r,sinb,

Y =r,cosb, [@D)]
IZM — U

where the upper and lower signs correspond to
profile 1 and [[ , respectively; r, is radius of the

point on tooth surface 3y of shaper which is ex-
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pressed as r, =r,/cosa; ; r, is base radius of shap-
er; a, is the pressure angle of the point £; 0, is the
angle between axis of OyY ) and vector Oyk , and
0, is expressed as @, ==/(2 « N,,) —inva + inva, ,
N,, is the teeth number of shaper; u, is the pa-
rameter which is along the axis of shaper.
The homogeneous matrixe of equation of
tooth surface is given by
ru=[Xy Yy Zu 1 717 2)
According to the meshing relationship be-
tween face gear and shaper shown in Fig. 1, the
homogeneous transformation matrix from the
moving coordinate system of shaper O,-X,Y,.Z,
to the moving coordinate system of face gear O -
X,Y,Z, is the following equation
M,, =M, MM, (3)
Therefore, the tooth surface of shaper cutter
is obtained from Eqgs. (2, 3) by coordinate trans-
formation.
Ry, :Mjm * v 4
The envelope condition between shaper cut-
ter and face gear is expressed ast'>'"

IRy . IRy IRy

A PR PR )

Therefore, the tooth surface equation of
standard face gear is expressed as
JRM :M/m * Iy

IRy ., IRy IRy (6)
. =0
130% Juy agDm

where the parameter ¢, is the angle of shaper ro-
tates around the axis OyZ y.

The profile of standard face gear is obtained
by numerical simulation with Matlab2007, which

is shown in Fig. 4. The number of teeth of the
Work surface

Contact lines

Fillet surface

-45 -165

Z-axis / mm

0 2 4 =200 X
Y-axis / mm

Fig.4 Simulation of tooth surface of standard face gear

shaper is 30; the number of teeth of the face gear
is 120; the module of shaper and face gear is

3 mm; the pressure angle of shaper is 25°.
2.3 Face gear with processing error of offset

Processing error of face gear with misalign-
ment of offset contains two forms which are
shown in Fig. 1. One is caused by offset along the
axis OyXy. and the other is caused by offset
along the axis OyYy. The equation of shaper cut-
ter is the same as Eq. (1), and the difference is
the subscript of Eq. (1) are replaced "M" with
"T", which is expressed as

rr=[X: Yy Z; 177 (7

According to the meshing relationship shown
in Fig. 1, the homogeneous transformation matrix
from the moving coordinate system of shaper with
setting error O,-X,Y,Z, to the moving coordinate
system of face gear O X ,Y,Z, is expressed as

M, =M ;M oM yirM 1, (8)
Matrix My is caused by setting error of

shaper which is expressed as

1 0 0 b

1 0 a
0 0 1 O
0 0 0 1

When parameter a is zero, matrix My is the
transformation matrix from coordinate system
On-Xrn Yn Zpn to

XuYuZy. When parameter b is zero, matrix My

coordinate system Oy
is the transformation matrix from coordinate sys-
tem Op-X1 Y Z1p, to coordinate system Oy
XuYyuZy.

The tooth surface 3 of shaper with misalign-
ment of deflection which is expressed in coordi-
nate system O X ,Y,Z, as

R =M, « rr (10)

The envelope condition between shaper with

misalignment of deflection and face gear is ex-

pressed ast'?'

J JR, I
IR, R IRy an
(70(5 Juk agoz

where ¢, is the angle of shaper rotating around the
axis OrZ r.
Therefore, the equation of face gear with

processing error of misalignment of deflection is
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expressed as

R: :Mm e Iy
IR IR: IR: (12)
Hak 9uk 390[

The tooth profile of face gear with processing
error of misalignment of offset is obtained by nu-
merical simulation with Matlab 2007, which is
shown in Fig. 5. When the parameter ¢ is 0. 3, 0
and —0.3 mm and 6 is 0 mm, the surface 3 of
face gear is shown in Fig. 5(a). When the param-
eter 6 is 0.3, 0 and —0.3 mm and a is 0 mm, the

surface 3y of face gear is shown in Fig. 5(b).

Z-axis / mm

O=NWwh

Z-axis / mm
L

)
[OSR S}

0 195

- -axis/mm

2200

(b) Offset along axis O,, X,,

Fig.5 Tooth profile of face gear with machining error

of misalignment of offset

According to Fig. 5(a), the tooth profile of
face gear with processing error which are mis-
alignment of offset along the axis Oy Yy keeps in-
variant, but the position of tooth profile will
move along the axis of face gear. If parameter a is
more than zero, the tooth profile moves along the
positive direction of the axis of the face gear, and
if parameter a is less than zero, the moving direc-
tion is opposite.

According to Fig. 5(b), the tooth profile of

face gear with processing error which is misalign-
ment of offset along the axis OyXy keeps invari-
ant, too, but the position of tooth profile will ro-
tate around the axis of face gear. If parameter b is
more than zero, the tooth profile rotates in the
clockwise direction of the axis of the face gear,
and if parameter b is less than zero, the rotating

direction is opposite.
2.4 Face gear with processing error of obliquity

Processing error of face gear with misalign-
ment of obliquity contains two forms which are
shown in Fig. 2. One is caused by the shaper
whirling around the axis OyY )y, and the other is
caused by the shaper whirling around the axis
OuXy. The surface equation of shaper is the
same as Eq. (7).

According to the meshing relationship shown
in Fig. 2, the homogeneous transformation matrix
M/, {from the moving coordinate system with pro-
cessing error of shaper O,-X,Y,Z, to the moving
coordinate system of face gear OX,Y,Z, is the
same as Eq. (8), but the matrix My, which is
transformation matrix from the fixed coordinate
O:+-X Y+ Z+ to the fixed coordinate Oy-X uY uZ v
is different from Eq. (9), and matrix My, is ex-

pressed as

cOSe, sine,sing, sine,cosg, O
0 cose, sine, 0
Myr = . . X
— slng, COSg,slng, cosg,sing, O
0 0 0 1

(13)
where parameter ¢, is the angle of misalignment
of obliquity whirling around the axis OyYy. pa-
rameter ¢, the angle of misalignment of obliquity
whirling around the axis OyX . When parameter
€. =0, matrix My is the transformation matrix
from coordinate system O -X 1, Y1, Z 1, to coordi-
nate system Oy-XyYuZy. When parameter ¢, =
0, matrix My is the transformation matrix from
coordinate system Op;-X 13 Yy Z13 to coordinate
system Oy X yYuZy.

The tooth profile of face gear with processing
error which is misalignment of obliquity is ob-

tained by numerical simulation with Matlab2007,
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which is shown in Fig. 6. When the parameter e,
is 0.3°,0° and —0. 3°and ¢, is 0°, the tooth sur-
face 3 of face gear is shown in Fig. 6 (a). When
the parameter ¢, is 0. 3°, 0°, —0. 3°and ¢, is 0°,
the tooth surface X of face gear is shown in

Fig. 6(b).

(=3 ST N

. Z-axis / mm

Z-axis / mm

(b) Rotating around axis O,, X,,

Fig. 6 Profile of face gear with machining error of mis-

alignment of obliquity

According to Fig. 6 (a), the tooth profile of
face gear with processing error of obliquity whir-
ling around O Yy, is deformation. If parameter e,
is more than zero, the work face of right tooth
profile is up, while the fillet surface of right tooth
profile is down, and the left tooth profile change
in opposite direction. If parameter ¢, is less than
zero, the change direction is opposite.

According to Fig. 6 (b), the tooth profile of
face gear with processing error of obliquity whir-
ling around Oy Xy is deformation. If parameter g,
is more than zero, the medial tooth profile is up,
while the lateral tooth profile is down. If parame-
ter g, is less than zero, the rotating direction is

opposite.

At these parameters, the maximum error of
influence of setting error of tool on tooth profile
is 1. 26 %.

3 Contact Specialties of Face Gear
Drive with Processing Error

The contact points of face gear with process-
ing error meshing with spur pinion will be differ-
ent for various types of processing error, and the
chapter will analyze the influence of processing
error to the position of contact points.

According to the envelope theory, the equa-
tion of contact line of face gear with processing
error meshing with shaper cutter is expressed as
Eq. (12), and the contact lines are shown in
Fig. 4.

The transformation equation of tooth profile
of spur pinion from moving coordinate of spur
pinion to moving coordinate of master shaper is
expressed as

R, =M,, « ro (14)

The number N of the teeth of the pinion is
less than the number N,, of the teeth of the shap-
er:N,,—N;=2 or 3! and the pinion and the
shaper are regarded as internal gear pair. rp is the
tooth surface equation of spur pinion; M,,, is the
homogeneous transformation matrix from moving
coordinate system of pinion to moving coordinate
system of shaper.

The envelope condition between spur pinion
and shaper is expressed as

JRp « JRp . JRp

AR a%:o (15)

Therefore, the equation of contact points on

the surface 3, is expressed as

R :M/z e Iy
IR; IRy IR: _
90(,\, auk 390[
- (16>
R, :Mmp e rp
JRp % JRp . JRp —0
aak ﬂuk 990,

The numerical simulations of position of con-
tact points on tooth profile of face gear drive with
processing error of misalignment of offset and ob-

liquity are shown in Figs. 7,8, respectively.
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-

According to Figs. 7 (a, b), the position of
contact points on tooth profile of face gear will be
changed with the tooth profile of face gear with
processing error of misalignment of offset, but
the relative position is not sensitive to the mis-

nonnon
*

alignment of offset. The signs "» !

and "+" re-
present the position of contact points when the
parameters a and b are 0.3, 0 and —0. 3 mm, re-

spectively.

Z-axis / mm

Y-axis/mm

(b) Offset along axis O,, X,

Fig. 7 Contact points of face gear with machining error

of misalignment of deflection

According to Figs. 8 (a, b), the position of
contact points on tooth profile of face gear will be
changed with the tooth profile of face gear with
machining error of misalignment of obliquity, but
the relative position is not sensitive to the mis-
and ""

represent the position of contact points when the

nonnon

alignment of obliquity. The signs "A»" "«

parameters ¢, and ¢, are 0. 3°,0° and —0. 3°, re-
spectively.

Compared with the change of various types
of processing errors, the contact points of face
gear drive move with the teeth profile which are

processed with processing error of misalignment

of offset, and the relative position keep invariant;
the contact points of face gear drive will change
with deformation of the tooth profile of face gear
which are processed with processing error of mis-
alignment of obliquity, and the relative position

of contact points are changed a little.

Z-axis / mm

pS

Z-axis / mm

(b) Rotating around axis O, X,,

Fig. 8 Contact points of face gear with machining error

of misalignment of obliquity

According to the above analysis and Fig. 8.,
the position of contact points of face gear drive
will have a tiny change with the face gear which is
processed by shaper cutter with the setting error.
The pressure along axis " X" is zero in face gear
drive. Therefore, the tiny change of contact
points will not effect the transmission characteris-
tics of face gear drive. At these parameters, the
maximum error of influence of setting error of

tool on position of contact points is 0. 73%.

4 Conclusions

Based on the performed research, the follow-
ing conclusion might be drawn:

(1) The influence of obliquity error on tooth
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profile is bigger than offset error, and the offset
error will make the profile of face gear transla-
tion, the obliquity error will make the profile of
face gear deformation, but the influence are all ti-
ny.

(2) The processing error will make the posi-
tion of contact points moving with the tooth pro-
file of face gear, but the relative position change a
little.

In conclusion, the tooth profile and position
of contact points of face gear drive are not sensi-

tive to the processing error.
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