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(57) A method of evaluating the error of the cutting
edge profile of a re-sharpening pinion cutter provided by FIG.3
performing relieving grinding by a screw motion along
the outer diameter relieving angle of the pinion cutter by
using a relieving grinding wheel. First, based on the

cross-sectional profile of the relieving grinding wheel and Y o
considering the motion of the relieving grinding by the jn ¢ T
screw motion along the outer relieving angle of the pinion o %
cutter, the cutting edge profile of the pinion cutter after (RELIEF GRINDING O« i )
re-sharpening is determined by coordinate transforma- WHEEL) y b
tion. Next, the tooth profile of a pinion having the same t
outer diameter as that of the re-sharpening pinion cutter ” )
and correctly meshing with the tooth profile of an internal / £ i M i
gear to be cut is obtained, and the obtained tooth profile (PINION CUTTER) P
is used as an ideal tooth profile of the resharpening pinion W O WO
cutter. Then, a normal line is drawn from a point on the

) . . . COORDINATE AXES OF RELIEF GRINDING WHEEL
tooth profile of the obtained re-sharpening pinion cutter AND PINION CUTTER

to the ideal tooth profile, the length of the leg thereof is
obtained, and the obtained length is used as the error of
re-sharpening.
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Description

TECHNICAL FIELD

[0001] The presentinvention relates to a method of evaluating the cutting edge error produced in a resharpened pinion
cutter, and more particularly to a method of evaluating the error of the cutting edge profile of a resharpening pinion cutter
provided by performing relief grinding by a screw motion along the outer diameter relief angle of the pinion cutter by
using a relief grinding wheel.

BACKGROUND ART

[0002] When an internal gear or other tooth cutting work is performed using a resharpened pinion cutter, there is a
need to measure the error of the tooth cutting profile of the pinion cutter after resharpening and to confirm whether the
pinion cutter can perform tooth cutting work with good precision. The method of measuring the cutting edge error of a
pinion cutter is stipulated by JIS.

[0003] However, the object of the measuring method stipulated by JIS is limited to pinion cutters for involute gears. It
is stipulated that the error is to be measured in the cross section perpendicular to the axis about 1 mm away from the
rake surface, but no consideration is given to the rake angle.

[0004] On the other hand, non-involute tooth profiles having a particular contour are currently widely used to improve
performance in various ways. However, a specific method for evaluating or measuring the tooth profile error caused by
resharpening a pinion cutter for a non-involute gear has not been proposed.

DISCLOSURE OF THE INVENTION

[0005] In view of the above, an object of the present invention is to provide a method for evaluating the error of a
cutting edge profile that occurs when a pinion cutter having a non-involute tooth profile or another arbitrary tooth profile
is resharpened.

[0006] More specifically, an object of the present invention is to provide a method of evaluating the error of the cutting
edge profile of a resharpening pinion cutter provided by performing relief grinding by a screw motion along the outer
diameter relief angle of the pinion cutter by using a relief grinding wheel.

[0007] Also, an object of the present invention is to provide a method of evaluating the error of the cutting edge profile
of a resharpening pinion cutter provided by performing relief grinding by a linear motion along the outer diameter relief
angle of the pinion cutter by using a relief grinding wheel.

[0008] In order to achieve the above-described objects in the method of evaluating the cutting edge profile of a
resharpening pinion cutter provided by performing relief grinding by a screw motion along the outer diameter relief angle
of the pinion cutter by using a relief grinding wheel, the cutting edge of the pinion cutter after resharpening is first
determined by transforming the coordinate system on the basis of a profile of the axial cross section of the relief grinding
wheel. Next, a tooth profile of a pinion having the same outer diameter as that of the resharpening pinion cutter and
correctly meshing with the tooth profile of an internal gear to be cut is obtained, and the obtained tooth profile is used
as an ideal cutting edge of the resharpening pinion cutter. Next, a normal line is drawn from a point on the cutting edge
of the obtained resharpening pinion cutter to the ideal cutting edge, and the length of the normal line is calculated and
used as the resharpening error.

[0009] Here, the method of evaluating the error of a cutting edge profile of a resharpening pinion cutter is characterized
in that the step for determining the cutting edge profile of the resharpening pinion cutter comprises:

obtaining the contour of the axial cross section profile of the relief grinding wheel by a point sequence representing
discrete numerical values;

interpolating the given contour of the axial cross section profile of the relief grinding wheel by the Akima method,
and obtaining the coordinate points on the axial cross section profile by EQ. A, with f as the parameter expressing
the profile in a fixed coordinate system Og - &n¢ that is fixed to the relief grinding wheel in which the axis { is the
rotation axis

[0010]
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EQ A

£=gl)=¢
n=0

§ = Hi)=r

[0011] defining by EQ. B the grinding wheel surface formed by turning the profile of an axial cross section of the relief
grinding wheel given by EQ. A at an angle @ about an axis ¢
[0012]

EQ.B

I

¢ &gCOS{D'
7=gsing
¢ =h

[0013] expressing the movement of the relief grinding work performed by the relief grinding wheel provided with the
grinding wheel surface in a static coordinate system O - &ynglg of the grinding wheel and subsequently in a fixed
coordinate system Op - uvw fixed to the pinion cutter that rotates at an angle 8, about the axis w; and

thereafter defining by EQ. C the coordinate points (u,, v;) on the axially perpendicular cross section profile of the pinion
cutter relief surface in an arbitrary axially perpendicular plane (w; = c) within the range of the cutting edge surface of the
resharpening pinion cutter having the rake angle ¢ in the coordinate system O, - uv,w, separated by T in the positive
direction of the axis w from the fixed coordinate system.

[0014]

EQ.C

u, ={ b-goosp~{ —gsinpcos T
+hsin [, +7+c Jtany Jeosd,
..( gsingsin I, +hcos I )Singp )
_={ b..gcas¢-( —gsingcos I, |
+hsin I, +7+¢ Jtany }sind,
+( gsingsin Iy +hoos Iy Jeosd,

In the formulas, b is the design center distance between the relief grinding wheel axis and the pinion cutter axis; I is
the angle formed between the grinding wheel axis { of the fixed static coordinate system O - £€n¢ and the grinding wheel
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axis { of the relief grinding side of the static coordinate system Og - {gnglo; V is the outer diameter relief angle of the
pinion cutter; Tis the resharpening amount; and c is the distance from the tip of the cutting edge surface after resharpening
to the axially perpendicular plane positioned within the range of the cutting edge surface.

[0015] The value of c may be calculated from EQ. D, wherein rpy is the outside radius of the pinion cutter after
resharpening, € is the rake angle of the conically contoured cutting edge surface of the pinion cutter, and uq, v are
coordinate values of the tooth profile in the cross section of w; = 0.

[0016]

EQ.D

N singcosy | )
cos( £+7 )

!

TN m{ bmgCDSQ-v( —gsingcos I,
+hsinf,. +7 )tany }COS{% >
.«( gsingsin I, +hCos I, )siﬂﬁp
Vo ={ b-geosp—{ ~gsingcos [,
+hsin Iy +7 Jtany }sing,
4»( gsingsin I, + hcos I, )ccvs@? )

[0017] Next, a method of calculating a resharpening limit of a pinion cutter of the present invention is characterized
in comprising calculating an error of a cutting edge profile for the resharpening amount using the method of evaluating
errors described above; setting the allowable error of the cutting edge profile of a resharpening pinion cutter; and using
as the resharpening limit the maximum value of the resharpening amount obtained from the cutting edge profile of the
resharpening pinion cutter using an error that is within the allowable error.

[0018] In accordance with the method of the present invention, the error of the cutting edge profile after resharpening
the pinion cutter can be calculated regardless of whether the pinion cutter is for an involute gear or a non-involute gear
when relief grinding is performed by a screw motion along the outer diameter relief surface of the pinion cutter by using
a relief grinding wheel

[0019] Also, since the cutting edge profile of the resharpening pinion cutter formed on the sloped rake surface is
determined and the error in the points on the cutting edge profile is calculated, the error can be correctly calculated with
consideration given to the rake surface, which is different than measuring the error on the basis of the cutting edge
profile on the axially perpendicular cross section currently defined by JIS.

[0020] Conventionally, the limit of the resharpening amount is determined by actually resharpening the pinion cutter
and furthermore performing a gear-cutting test, but in accordance with the present invention, it is possible to set the
cutting edge error and ascertain the resharpening limit.

[0021] Next, the present invention is a method of calculating an error of the cutting edge profile of a resharpening
pinion cutter provided by performing relief grinding by a linear motion along the outer diameter relief angle of the pinion
cutter by using a relief grinding wheel. First, the cutting edge of the pinion cutter after resharpening is determined by
transforming the coordinate system on the basis of a profile of the axial cross section of the relief grinding wheel. Next,
a tooth profile of a pinion having the same outer diameter as that of the resharpening pinion cutter and correctly meshing
with the tooth profile of an internal gear to be cut is obtained, and the obtained tooth profile is used as an ideal cutting
edge of the resharpening pinion cutter. Next, a normal line is drawn from a point on the cutting edge of the obtained
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resharpening pinion cutter to the ideal cutting edge, and the length of the normal line is calculated and used as the
resharpening error.

[0022] Here, in the step for determining the cutting edge profile of the resharpening pinion cutter, the contour of the
axial cross section profile of the relief grinding wheel is given by a point sequence representing discrete numerical values.
The given contour of the axial cross section profile of the relief grinding wheel is interpolated by the Akima method, and
the coordinate points on the axial cross section profile are obtained by EQ. E, with t as the parameter expressing the
profile in a fixed coordinate system Og - £n that is fixed to the relief grinding wheel in which the axis is the rotation axis.
[0023]

EQ.E

¢=gl)=¢
7=0
§=H)="h

[0024] Next, the coordinates of the axial cross section profile of the grinding wheel given by EQ. E are transformed,
and the coordinate points on the axially perpendicular cross section profile of the pinion cutter relief surface in an arbitrary
axially perpendicular plane (w; = c) within the range of the cutting edge surface of the resharpening pinion cutter having
the rake angle ¢ are defined by EQ. F in the coordinate system O, - u,v,w; separated by T in the positive direction of the
axis w from the coordinate system Op - uvw fixed to the pinion cutter in which the axis w is a rotating axis.

[0025]

EQ.F

il

u, ==b~—gc€>s¢>+( gsinp—7-¢ )tan;;’
v =h

In the formulas, b is the design center distance between the relief grinding wheel axis and the pinion cutter axis; v is the
outer diameter relief angle of the pinion cutter; T is the resharpening amount; and c is the distance from the tip of the
cutting edge surface after resharpening to the axially perpendicular plane positioned within the range of the cutting edge
surface.

[0026] Next, the value of c of EQ. F is calculated from EQ. G below on the basis of the geometrical relationship.
[0027]
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EQ.G

[ 2_ .
C““'( Irp," —V,g —u, Jsing cosy

cos( & +y )

-1 ( Tp: "\j“soz ‘*’Vroz t5‘3‘1“’)
=
'JrF 13 =V —Hep

& =tan

[0028] The calculated value[of c is substituted into EQ. F, and the cutting edge profile of the pinion cutter after re-
sharpening can be obtained.

[0029] Next, the present invention is a method of calculating a resharpening limit of a pinion cutter, characterized in
comprising calculating an error of a cutting edge profile for the resharpening amount using the method of evaluating
errors described above; setting the allowable error of the cutting edge profile of a resharpening pinion cutter; and using
as the resharpening limit the maximum value of the resharpening amount obtained from the cutting edge profile of the
resharpening pinion cutter using an error that is within the allowable error.

[0030] In accordance with the method of the present invention, the error of the cutting edge profile after resharpening
the pinion cutter can be calculated regardless of whether the pinion cutter is for an involute gear or a non-involute gear
when relief grinding is performed by a linear motion along the outer diameter relief surface of the pinion cutter by using
a relief grinding wheel. Also, since the cutting edge profile of the resharpening pinion cutter formed on the sloped rake
surface is determined and the error in the points on the cutting edge profile is calculated, the error can be correctly
calculated with consideration given to the rake surface, which is different than measuring the error on the basis of the
cutting edge profile on the axially perpendicular cross section currently defined by JIS.

[0031] Conventionally, the limit of the resharpening amount is determined by actually resharpening the pinion cutter
and furthermore performing a gear-cutting test, but in accordance with the present invention, it is possible to set the
cutting edge error and ascertain the resharpening limit.

BRIEF DESCRIPTION OF THE DRAWINGS

[0032]

FIG. 1 is a schematic diagram showing the coordinate system when relief grinding is performed by a screw motion
along the outer diameter relief angle of the pinion cutter by using a relief grinding wheel;

FIG. 2 is a schematic diagram showing the relationship between the torsion angle and the cutting tip conical surface
of a pinion cutter;

FIG. 3 is a schematic diagram showing the coordinate system when relief grinding is performed by a linear motion
along the outer diameter relief angle of the pinion cutter by using a relief grinding wheel; and

FIG. 4 is a graph showing the resharpening cutting edge error for each resharpening amount calculated using the
method shown in FIG. 3.

BEST MODE FOR CARRYING OUT THE INVENTION

[0033] The method of the present invention is described in detail below with reference to the diagrams.
(Embodiment 1)

[0034] Described first is the method of evaluating the error of a cutting edge profile of a resharpening pinion cutter
provided by performing relief grinding by a screw motion along the outer diameter relief angle of a pinion cutter by using
a relief grinding wheel.

[0035] First, the analytical order is described for obtaining the contour of the relief surface of a pinion cutter that has
been ground by a grinding wheel, where the axial cross section profile of the relief grinding wheel is given by a point
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sequence representing discrete numerical values.

[0036] FIG. 1is a schematic diagram showing the coordinate system when relief grinding is performed by a screw
motion along the outer diameter relief angle of the pinion cutter by using a relief grinding wheel. The coordinate system
O - &nlis afixed coordinate system that is fixed to the relief grinding wheel in which the axis  is the rotation axis. The
coordinate system Oy - §3no{, is a static coordinate system for the relief grinding wheel in which the grinding wheel axis
C and the axis { form a grinding wheel mounting angle I . The coordinate system Op - uvw is a fixed coordinate system
that is fixed to the pinion cutter in which the axis w is used as the rotating axis and which rotates at an angle 6, about
the axis w. The coordinate system O; - u,v,w,, is a resharpening coordinate system of a pinion cutter set at a distance
T in the direction of the axis w from the fixed coordinate system Op - uvw. As used herein, T is the resharpening amount
measured in the axial direction at the outer diameter of the pinion cutter; b is the design center distance between the
relief grinding wheel and the pinion cutter axis; and the angle ¢ is the rake angle of the conically contoured cutting edge
surface of the pinion cutter.

[0037] In the relief grinding work, the grinding wheel moves a distance s in the positive direction of the axis ng along
the outer diameter relief angle y while the pinion cutter rotates by an amount equal to the angle 8p, and [the grinding
wheel] obliquely moves at the same time by an amount equal to stan y in the positive direction of the axis &g. In this
manner, the relief surface ground by a screw motion along the outer diameter relief angle of a pinion cutter is one in
which the right-side of the cutting edge contour presents a right-handed tapered helical surface and the left-side of the
cutting edge contour presents a left-handed tapered helical surface. If the outside contour of the cutting tips of the pinion
cutter is defined to be a portion of a conical body, the generating lines in which the cutting tip points are linked in the
axially perpendicular cross sections of the pinion cutter are straight lines along the vertices of cones.

[0038] In view of the above, these generating lines are considered from the geometrical relationship projected on the
horizontal plane of the axis of the pinion cutter, as shown in FIG. 2. The helix angle B of the tapered helical surface in
the radius of the pitch circle of the pinion cutter can be approximated by EQ. 1-1, wherein rpc is the radius of the pitch
circle of the pinion cutter, v, is the coordinate value of the cutting edge in the pitch circle, and y; is the converted value
in the rpc of the outer diameter relief surface vy.

[0039]

EQ. 1-1

tan 8, =21

Ype

[0040] The helix angle B of the tapered helical surface is determined in the following range with consideration given
to the characteristics of the calculated helix angle B and the tooth profile.
[0041]

EQ. 1-2

0<B<2pB,

[0042] When rpy is the outside radius of the pinion cutter, the relation of EQ. 2 holds true between the rotational angle
6p and the movement distance s in the axial direction of the grinding wheel.
[0043]
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EQ.2

_’S{
tan 8

[0044] The axial cross section profile of the obtained relief grinding wheel is interpolated by the renowned Akima
method, which smoothly interpolates series of points, and the intervals are obtained by EQ. 3 using the coordinate
system Og - &€n. The variable t is a parameter for expressing the profile.

[0045]

EQ.3

E=gl)=g

n=0
¢ =Ht)=h

[0046] EQ. 4 is obtained when the axial cross section profile of the grinding wheel is turned at angle @ about the axis
¢ and a grinding wheel surface is formed.
[0047]

It

EQ. 4

&= gcosg
n=gsing
¢=h

[0048] Inview of the above, EQ. 5 is obtained by a procedure in which the operation of the grinding wheel in the relief
grinding work described above is expressed in the static coordinate system Oy - 31, of the grinding wheel, is subse-
quently expressed in the fixed coordinate system Op - uvw of the pinion cutter, and is then expressed in the coordinate
system O, - uv;w,, which is based on the predicted pinion cutter resharpening.

[0049]
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EQ.5

4, ={ b-rtany-geosp—( s—¢ Jrany Jeosg, |
~( gsingsin [ + hcos I, Jsing,

v, ={ b-rtany-geosp-( s~7 Jtany Jsing, [
+( gsingsin I, + heos I, Ycos@,

w, =gsingcos I, ~hsinly, +5—7 /

[0050] EQ. 5 expresses the curves of the relief grinding wheel, and the enveloping surface of the curves expresses
the relief surface of the pinion cutter. At this point, assuming the resharpened cutting edge to be expressed by the
coordinate system O, - uv;w; the curves of the grinding wheel expressed by EQ. 5 are cut by an arbitrary plane w; =
¢ within the range of the resharpened cutting edge surface having a rake angle, and EQ. 6 is obtained.

[0051]

EQ. 6
s=-gsingeos  +ASIR], +7+¢

[0052] EQ. 7 is obtained based on EQ. 6 and EQ. 2.
[0053]

EQ. 7
fan B .
&, =";mé( ~gsingcos I, + Asin I, + 7 +c¢)
Pk ’-

[0054] EQ. 6 is substituted into EQ. 5 to obtain EQ. 8 below.
[0055]
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EQ. 8

i, ={ b—gcosp—~( —gsingcos/
+hsin I +7 +¢ Jlany jeosd,
-( gsingpsin I, +#C0S T, ):s‘map
v, ={ bmgcosggw( mgs’in(pcos[‘s
+hsin I, +¢+¢ Jtany Jsing,
+( gsingsin I, +hcos I, Jcosg,

[0056] Considered together with EQ. 7, EQ. 8 expresses the curves in which t and @ are variables, and the equation
gives the axially perpendicular cross section profile produced by the plane w; = ¢ of the pinion cutter relief surface as
an envelope of the curves. The conditional expression of the envelope can be obtained by calculating the Jacobian of

EQ. 9 below with respect to EQ. 8.

[0057]
EQ.9
ou, Oy,
ot oe|_0u ov, OV, O
r’ — { oo "y - -~
762 )=l 50| 3 30 5 5
Sp Op
Here,
[0058]

10
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EQ. 10

u, . .o - -
—=={ ~goosp-( ~gsinpeos A
at
+hsin I, Jtany Jcosg,
..( g'sin,gasinfc-t-}}cosfc )sina,,
..{ b-gcos;o-( ~gsingcos I, + hsin [

T )t‘any }sin@,,(o;p

—( gsinpsin I, + hcos I, )cosd,8,

%ﬁz{ -.gcos¢>-( ~gsingcos I, + hsin I )tan;/ }s‘mQs
+{ gsingsin Iy + hcos I Joosd,
+{ b~gcosgp ~( ~gsinpcos Iy, + hsin [,

+T4+cC )tany }0036’;.9‘_,
~( gsinpsin i, + hcos I, )&in&é;
%KL::( gsing+gcospcos [, tany Jecosd,
@
~gcosgsin I, sind, -~{ b-—-gcosg
-( ~gsingcosl, +hsin I, +7+¢ )tan;f }Sine,_,é;
~( gsingsin I, + heos I, )cos@, 4,

. ‘ _
—é;;_,—:( gsinp+gcospcos [, tany )siné[,

+gcospsin [ cosg, +{ b—-gcose
-( ~gsingpcos Iy +hsin I, +7+¢ )tan;x }cosc?‘pé;

. tan . .
g, =-— ﬂ(gsmgocosfc—hsinfo )
£
—~ tan
8, =— 'B( gcospceosl, ) J

Fr

11
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[0059] In view of the above, EQ. 11 below is obtained for calculating ¢ in EQ. 8 from the geometrical relationship in
order to obtain the resharpened cutting edge of the pinion cutter having a rake angle. The variable rpy in the formula is
the outside radius of the resharpened pinion cutter, and u., v,g are the coordinate values of the cutting edge in the cross
section of w;=0.

[0060]

EQ. 11

2 Siﬁ8C§Sy \
cos{ s+y )

2
c= r}’r”"ﬁ[uro +:vf0

Ty

u,={ b-gcosp—( ~gsingcos I,
+hsin I +7 Jtany }cosd, >‘
—( gsingpsin I, + heos I, Jsing,
Vi, -_-»{ b-gCOSg)-—( ~gsitpCcos I,
+hsin I, +7 Jtany }sing,
+( gsingsin Iy, + heos T, )cosd,

‘;:r}’c -'--’{,'tan?

[0061] Based on the foregoing, the resharpened pinion cutter cutting edge can be calculated by repeating the following
procedure.

(i) Obtain the specifications b, y, €, and the like.

(i) Set the resharpening amount t.

(iii) Establish the coordinate point number j and obtain t, and use EQ. 1 to obtain g(t), h(t).

(iv) Obtain by trial and error [a value of] @ that satisfies the expression f(t, ¢) = 0 with the aid of EQS. 9, 10, and 7,
wherein ¢ = 0.

(v) Substitute these values into EQ. 11, obtain uq, V4, and determine c.

(vi) Obtain by trial and error [a value of] ¢ that satisfies the expression f(t, ¢) = 0 with the aid of EQS. 9, 10, and 7
using the obtained [value of] c.

(vii) Substitute these values into EQ. 8, use u, v; to obtain a single point on the cutting edge.

(viii) Repeat steps iii to vii.

[0062] As used herein, the resharpening error of the cutting edge is defined in the following manner. First, a tooth
profile of a pinion having the same outer diameter as that of the resharpening pinion cutter and correctly meshing with
the tooth profile of an internal gear to be cut is obtained, and the obtained tooth profile is used as an ideal cutting edge
of the pinion cutter. Next, a normal line is drawn from a point on the cutting edge of the obtained resharpening pinion
cutter to the ideal cutting edge, and the length of the normal line is calculated and used as the resharpening error.

(Embodiment 2)
[0063] Described next is a method for calculating an error of a cutting edge profile of a resharpening pinion cutter
provided by performing relief grinding by a linear motion along the outer diameter relief angle of a pinion cutter by using

a relief grinding wheel.
[0064] First, the analytical order is described for obtaining the contour of the relief surface of a pinion cutter that has

12
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been ground by a grinding wheel, where the axial cross section profile of the relief grinding wheel is given by a point
sequence representing discrete numerical values.

[0065] FIG. 3 is a schematic diagram showing the coordinate system when relief grinding is performed by a linear
motion along the outer diameter relief angle of the pinion cutter by using a relief grinding wheel. The coordinate system
Og - &nlis a coordinate system that is fixed to the relief grinding wheel in which the axis { is the rotation axis, and the
coordinate system Og - {yng{, is a static coordinate system for the relief grinding wheel. The coordinate system Op -
uvw is a coordinate system that is fixed to the pinion cutter wherein the axis w is used as the rotating axis. The coordinate
system O; - u,v,W; is a coordinate system set at a distance 1 in the positive direction of the axis w. In the above systems,
T is the resharpening amount measured in the axial direction at the outer diameter of the pinion cutter; b is the design
center distance between the relief grinding wheel and the pinion cutter axis; and the angle ¢ is the rake angle of the
conically contoured cutting edge surface of the pinion cutter.

[0066] The axial cross section profile of the obtained relief grinding wheel is interpolated by the renowned Akima
method, which smoothly interpolates series of points, and the intervals are obtained by EQ. 21 using the coordinate
system Og - &€n. The variable t is a parameter for expressing the profile.

[0067]

EQ. 21

E=gl)=g
(t)=h
[0068] EQ. 22 is obtained when the axial cross section profile of the grinding wheel is turned at angle @ about the axis

¢ and a grinding wheel surface is formed.
[0069]

EQ. 22

§=gcosg
7 =gsing
¢ =h

[0070] In the relief grinding work, the grinding wheel moves a distance s in the positive direction of the axis n along
the outer diameter relief angle y of the pinion cutter and obliquely moves at the same time by an amount equal to stan
y in the positive direction of the axis §. EQ. 23 is obtained by a procedure in which this movement is expressed in the
static coordinate system Oy - €gng{, of the grinding wheel, and is subsequently expressed in the fixed coordinate system
Op - uvw of the pinion cutter

[0071]
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EQ. 23

u=b-gcosg-stany
v=h
W= gsing+s

[0072] EQ. 24 below is obtained when EQ. 23 is expressed in the coordinate system O; - uv;w,, which is based on
the predicted pinion cutter resharpening.
[0073]

EQ. 24
u, =b-rtany ~g cosqa-—( S }tan;r

v, =h

w, =gsing+{ s-7 )

[0074] EQ. 24 expresses the curves of the relief grinding wheel, and the enveloping surface of the curves expresses
the relief surface of the pinion cutter. At this point, assuming the resharpened cutting edge to be expressed by the
coordinate system O; - uv,w;, the curves of the grinding wheel expressed by EQ. 24 are cut by an arbitrary plane w; =
¢ within the range of the resharpened cutting edge surface having a rake angle, and EQ. 25 is obtained.

[0075]

EQ. 25
S==gsin@+T+cC

[0076] This is substituted into EQ. 24, and EQ. 26 is obtained below.
[0077]

EQ. 26

pamd o o 1 L g L] b } 4
u, =b gcos¢+( gsme~71~¢ )tany
v, =4
[0078] EQ. 26 expresses the curves in which t and ¢ are variables, and the equation gives the axially perpendicular
cross section profile produced by the plane w; = c of the pinion cutter relief surface as an envelope of the curves. The

conditional expression of the envelope can be obtained by calculating the Jacobian with respect to EQ. 26.
[0079]
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EQ. 27

ov,
5 o) Ou, ov, v, ou
: _ ot e =0
fn( 4 ) on, m| dp O Op

op Op

[0080] The following EQ. 28 is obtained thereby.
[0081]

EQ. 28
p=-7|

[0082] This is substituted into EQ. 26, and the following EQ.29 is obtained.
[0083]

. —-gcos;v"-( gsiny +t+¢ )tan-y
h

[0084] Here, the profile on the cutting edge of the pinion cutter is expressed by a three-dimensional intersecting curve
between the relief surface of the pinion cutter and the conical rake surface. The curve in which the intersecting curve is
projected from the w axis direction onto the cross section that includes the axially perpendicular cross section of the
pinion cutter is the cutting edge of the pinion cutter. It is difficult to calculate the profile on the cutting edge of the pinion
cutter by using an intersecting curve of two surfaces. In view of this situation, the distance c to the rake surface that
corresponds to an arbitrary point (u.g, V) on the axially perpendicular cross section of the pinion cutter of the resharpening
coordinate system O, - uv,w, is expressed by the following EQ. 30 on the basis of a geometrical relationship. In the
formula, rpy is the outside radius of the resharpened pinion cutter.

[0085]
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EQ. 30

c= ( ‘/rf'rz " Veg “Uig }3111 £ Ccosy
cos{ & +y )

~i ( Tps —\/ur()z +vr‘02 mg)

- _
Jg"t =~ Voo < Mo

[0086] The axially perpendicular cross section profile of the pinion cutter that passes through point ¢ can be calculated
using EQ. 29. Also, the point (u,, v;) on the axially perpendicular cross section profile corresponding to the point (U,
Vo) is @ point on the cutting edge.

[0087] Based on the foregoing, the resharpened pinion cutter cutting edge can be calculated by repeating the following
procedure.

é‘lztan

(i) Obtain the specifications b, y, €, and the like.

(i) Set the resharpening amount t

(iii) Establish the coordinate point number j and use EQ. 1 to obtain g(t), h(t).
(iv) Substitute into EQ. 30 and obtain c.

(v) Substitute into EQ. 29 and obtain a single point on the cutting edge.

(vi) Repeat steps iii to v.

[0088] As used herein, the resharpening error of the cutting edge is defined in the following manner. First, a tooth
profile of a pinion having the same outer diameter as that of the resharpening pinion cutter and correctly meshing with
the tooth profile of an internal gear to be cut is obtained, and the obtained tooth profile is used as an ideal cutting edge
of the pinion cutter. Next, a normal line is drawn from a point on the cutting edge of the obtained resharpening pinion
cutter to the ideal cutting edge, and the length of the normal line is calculated and used as the resharpening error.

(Example of numerical analysis)

[0089] A numerical analysis was carried out using the internal gear and pinion cutter shown in FIG. 1 and using the
specifications of the relief grinding wheel. First, the resharpening amount was set to be T = 0 to 4 mm, the cutting edge
of the resharpening pinion cutter was calculated, and the error of the cutting edge due to resharpening was obtained
using the above-described procedure.

[0090]
TABLE 1
Items Values
Diametral pitch DP 1/inch 32.00
Internal gear:
Number of profile points Ji 1to 203
Number of teeth z 322
Pitch circle diameter d, mm 255.588
Addendum circle diameter dymm 254.671
Dedendum circle diameter dp, mm 257.254
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(continued)

Pinion cutter:
Number of teeth z, 50
Pitch circle diameter dpe MM 39.688
Major diameter dpe MM 41.200
Radial rake angle € deg 5
Radial relief angle y deg 5
Relief grinding wheel:
Major diameter Zpmm 200

[0091] FIG. 4 is a graph showing the results of the numerical analysis. From this diagram, it is apparent that a re-
sharpening cutting edge error has not occurred when t = 0 and that the cutting edge of the resharpening pinion cutter
and the ideal cutting edge are congruent, confirming the validity of the analytical theory for obtaining the resharpening
cutting edge error described above.

[0092] From FIG. 4, the cutting edge error when t=1 mm is -3.9 um at point j = 42, 8.9 wm at point j = 73, and hence
12.8 pm at the width. In the same manner, the diagram shows that the cutting edge error is 25.9 pm when T =2 mm,
39.3 pm when T =3 mm, and 53.0 pum when T =4 mm.

[0093] Therefore, the limit of the resharpening amount is conventionally determined by actually resharpening the
pinion cutter and furthermore performing a gear-cutting test. With the present invention, however, it is possible to set
the cutting edge error and to ascertain the resharpening limit.

Claims

1. A method of evaluating an error of a cutting edge profile of a resharpening pinion cutter provided by performing
relief grinding by a screw motion along the outer diameter relief angle of a pinion cutter by using a relief grinding
wheel, wherein the method is characterized in that
the cutting edge profile of the resharpening pinion cutter is determined based on a profile of an axial cross section
of the relief grinding wheel;

a tooth profile of a pinion having the same outer diameter as that of the resharpening pinion cutter and correctly
meshing with the tooth profile of an internal gear to be cut is obtained, and the obtained tooth profile is used as an
ideal cutting edge of the resharpening pinion cutter; and

the length of a normal line drawn from a point on the cutting edge profile of the resharpening pinion cutter to the
ideal cutting edge is used as the error of cutting edge profile.

2. The method of evaluating an error of a cutting edge profile of a resharpening pinion cutter according to claim 1,
characterized in that the step for determining the cutting edge profile of the resharpening pinion cutter comprises:

obtaining the contour of the axial cross section profile of the relief grinding wheel by a point sequence representing
discrete numerical values;

interpolating the given contour of the axial cross section profile of the relief grinding wheel by the Akima method,
and obtaining the coordinate points on the axial cross section profile by EQ. A, with tas the parameter expressing
the profile in a fixed coordinate system Og - £n¢ that is fixed to the relief grinding wheel in which the axis { is
the rotation axis
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‘EQ. A
(=glt)=g
n=0

£ = Ht)=h

defining by EQ. B the grinding wheel surface formed by turning the profile of an axial cross section of the relief
grinding wheel given by EQ. A at an angle @ about an axis

EQ.B

ol

§=gcosy
7 =gsing
¢=h

expressing the movement of the relief grinding work performed by the relief grinding wheel provided with the
grinding wheel surface in a static coordinate system Og - {yn{, Of the grinding wheel and subsequently in a
fixed coordinate system Op - uvw fixed to the pinion cutter that rotates at an angle 8, about the axis w; and
thereafter defining by EQ. C the coordinate points (u;, v;) on the axially perpendicular cross section profile of
the pinion cutter relief surface in an arbitrary axially perpendicular plane (w; = c) within the range of the cutting
edge surface of the resharpening pinion cutter having the rake angle € in the coordinate system Oy - uv,w;
separated by T in the positive direction of the axis w from the [fixed] coordinate system.

EQ.C

u m{ b..gcos_g;m( -;-gsianCO&I'G
+hsin I, +7+c Jtany Jcosg,
~( gsingsin I, +hcosT, )sing, \
v, ={ b-gcosp~( —gsingcos Ty "
+hsin T, +7+c¢ Jiany }sing,
+( gsingsin I, + hoos I Jecosf,

wherein b is the design center distance between the relief grinding wheel axis and the pinion cutter axis; I'g is the
angle formed between the grinding wheel axis { of the fixed static coordinate system Oy - En and the grinding
wheel axis {, of the relief grinding side of the static coordinate system O - {gnelq; Y is the outer diameter relief
angle of the pinion cutter; T is the resharpening amount; and c is the distance from the tip of the cutting edge surface
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after resharpening to the axially perpendicular plane positioned within the range of the cutting edge surface.
The method of evaluating an error of a cutting edge profile of a resharpening pinion cutter according to claim 2,
characterized in that the value of c is calculated from EQ. D, wherein rp is the outside radius of the pinion cutter

after resharpening, ¢ is the rake angle of the conically contoured cutting edge surface of the pinion cutter, and the
coordinate value of the tooth profile in the cross section of W, = 0

EQ.D

Y Siné:CO-S;y )
cos( e+ )

. T3
€= rf:”‘\!uro * ¥

Ppe =Tp, T lRADY
t={ b-gonsg~( ~gsnpeosT,
+hsin . +7 )tan ¥ }COSEP >
m( gsingsin I, + hCos I )Siﬁﬁp
V.o ={ b-gcosp—{ ~gsingcos I,
+hsin [ T )tzmy }Sin 9;,,
.;.( gﬁiﬂ;pSiﬂ Iz +heos Is )cos'&? J

and
the calculated value of ¢ is substituted into EQ. C to obtain the coordinate points of the cutting edge profile of the
pinion cutter after resharpening.

A method of calculating a resharpening limit of a pinion cutter, characterized in comprising:

calculating an error of a cutting edge profile for the resharpening amount using the method of evaluating errors
according to claims 1, 2, and 3;

setting the allowable error of the cutting edge profile of a resharpening pinion cutter; and

using as the resharpening limit the maximum value of the resharpening amount obtained from the cutting edge
profile of the resharpening pinion cutter using an error that is within the allowable error.

A method of evaluating an error of a cutting edge profile of a resharpening pinion cutter provided by performing
relief grinding by a linear motion along the outer diameter relief angle of a pinion cutter by using a relief grinding
wheel, wherein the method is characterized in that

the cutting edge profile of the resharpening pinion cutter is determined based on a profile of an axial cross section
of the relief grinding wheel;

a tooth profile of a pinion having the same outer diameter as that of the resharpening pinion cutter and correctly
meshing with the tooth profile of an internal gear to be cut is obtained, and the obtained tooth profile is used as an
ideal cutting edge of the resharpening pinion cutter; and

the length of a normal line drawn from a point on the cutting edge profile of the resharpening pinion cutter to the
ideal cutting edge is used as the error of the cutting edge profile after resharpening.

The method of evaluating an error of a cutting edge profile of a resharpening pinion cutter according to claim 5,
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characterized in that the step for determining the cutting edge profile of the resharpening pinion cutter comprises:

obtaining the contour of the axial cross section profile of the relief grinding wheel by a point sequence representing
discrete numerical values;

interpolating the given contour of the axial cross section profile of the relief grinding wheel by the Akima method,
and obtaining the coordinate points on the axial cross section profile by EQ. E, with tas the parameter expressing
the profile in a coordinate system Og - £n{ that is fixed to the relief grinding wheel in which the axis  is the
rotation axis

transforming the coordinates to the axial cross section profile of the grinding wheel given by EQ. E, and defining
by EQ. F the coordinate points on the axially perpendicular cross section profile of the pinion cutter relief surface
in an arbitrary axially perpendicular plane (w; = c) within the range of the cutting edge surface of the resharpening
pinion cutter having the rake angle € in the coordinate system O, - u;v;w, separated by T in the positive direction
of the axis w from the coordinate system Op, - uvw fixed to the pinion cutter in which the axis w is a rotating axis

EQ. F

", :b—gcosgo-i-( gsinp—-z-¢ )tany
v, =h

wherein b is the design center distance between the relief grinding wheel axis and the pinion cutter axis; v is the
outer diameter relief angle of the pinion cutter; T is the resharpening amount; and c is the distance from the tip of
the cutting edge surface after resharpening to the axially perpendicular plane positioned within the range of the
cutting edge surface.

The method of evaluating an error of a cutting edge profile of a resharpening pinion cutter according to claim 6,

characterized in that the value of c is calculated from EQ. G, wherein rpt is the outside radius of the pinion cutter
after resharpening,
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EQ. G

(,}r,,, —v,, —U, Jsing cosy

cos gty )

-1 ( Ips _\/uroz +vt02 tan'g)

2
1 “vzﬁ ‘"“co

g, = tan
Tp

and
the calculated value of c is substituted into EQ. F to obtain the coordinate points of the cutting edge profile of the
pinion cutter after resharpening.

A method of calculating a resharpening limit of a pinion cutter, characterized in comprising:

calculating an error of a cutting edge profile for the resharpening amount using the method of evaluating errors
according to claims 5to 7;

setting the allowable error of the cutting edge profile of a resharpening pinion cutter; and

using as the resharpening limit the maximum value of the resharpening amount obtained from the cutting edge
profile of the resharpening pinion cutter using an error that is within the allowable error.
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FIG.1

COORDINATE SYSTEM OF RELIEF GRINDING WHEEL
AND PINION CUTTER
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FIG.2

RELATIONSHIP BETWEEN.THE HELIX
ANGLE OF THE TAPERED HELICAL
SURFACE AND THE CONICAL SURFACE IN
THE PITCH CIRCLE RADIUS OF THE
PINION CUTTER
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FIG.3
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FIG.4
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