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Abstract. The article presents a methodology for determining the
parameters of the spatial trajectory of movement of a standard cutting tool
processing ring gears with spatially modified teetitking by the copying
technique. The implementation of the methodology makes it possible to
determine the reference points coordinates of the trajectory of movement
of the cutting tool in the process of multiggis processing of spatially
modified teethof spur wheels on CNC machines. The results obtained in
the development of the methodology for determining the trajectory of the
cutting tool movement can be further used in the process of performing the
technological preparation for the production of &gt modified ring
gears, including largecale ones, in the conditions of single and small
scale production, as well as with choosing a technological equipment, the
appointment of cutting modes, as well as in the process of writing control

programs for GIC machines

Spur wheels are made with an involute profile, and the teeth of one of the links are
modified to increase the load capacity and durability of spur wheels [1, 2]. Theoretically,
the exact spatial modification of the teeth is obtained whenctwditions of the second
Olivier method are fulfilled, which is practically realizable in the operations of the ring
gears finishingmachining. Ring gears with a spatial teeth modification close to the given
spatial modification can be used for less sigaifi gearsystems or can be cut with
roughing machining the gears with an allowance for subsequent processing[3, 4].

In the process of cutting teeth, the involute profile is reproduced in the profiling plane
perpendiculato the trajectonpf the cuttingool. When cutting teeth with a straigigneratrix,
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the profiling plane is perpendicular to the axis of rotation of the workpiece and the involute is
formed in the et sction of the ring gear. When cutting helical gears,piiodiling plane is
located at an angle to the axis of rotation of the workpiece, and the position of the involute being
cut changes accordingly. The teeth with a longitudinal modification armahtas a rule, by
displacing the tool in the radial direction [5, 6], amce the profiling plane is perpendicular to
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Fig. 1. Method for the parameters determining
the cutting tool spatial trajectory.

the trajectory of the relative movement of the
cutting tool, the angle of inclination of the
profiling plane will change accordingly.
Thus, in the process of shaping the teeth, the
involute profile is reproduced in the profiling
plane, and the magnitude and direction of the
displacement of the involute profile depends
on the type of the cutting tool movement path
[7]1. In accordance withthe rearranged
classification of cutting tool movements [7]
and shaping methods [8], in order to increase
the accuracy of manufacturing ring gears
with spatially modified teeth by the copying
technique, the cutting tool must move along a
spatial curvilineatrajectory, while there is a
continuous change in position in space of the
profiling plane.

When using the existing serial equipment
and a standard tool working according to the
copying technique, a ring gear is cut with a
spatial modification of the téeclose to the
theoretically calculated one. The degree of
approximation of the geometric parameters
of the lateral surface of the teeth to the
theoretically calculated ones depends on the
geometry of the cutting edge of the tool and
the parameters of itsiovement’s trajectory.
The aim of the presented work is to develop a
methodology for determining the parameters
of the movement trajectory of a standard tool
in  multiple-axis machining of spatially
modified teeth of spur wheels by copying
technique.

For the technological methods of teeth
shaping presented in [8], we will develop a
method for determining the parameters of
the tool path, when processing ring gears
by copying technique with a complex
spatial modification of the teeth [1, 9, 10]
with a standal cutting tool. The
parameters of the trajectory of the relative
movement of the cutting tool are
determined depending on the geometry of
the tool’s cutting edge and the geometry of
the side surface of the teeth of the ring gear
being cut.In accordance ith Figure 1the
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sequence for determining the parameters of the movement trajectory of the cutting tool
contains several sequentially performed stages.

As the initial data for determining the parameters of the trajectory of the tool working
by the copyingecnique, there is the data obtained in approximating the geometry of the
lateral surface of the tooth with spatial modification by the tbrdir Bézier splines [11].

At the first stage,the coordinates of the points of the spatial trajectory of movefment
the cutting tool are preliminarily determined based on the maximum change in the thickness
and height of the tooth in the section of the indexing cylinder, in the planes of symmetry
and the end face of a ring gear:

np __ _H . .
X, =Xy, +Ax-i/n;

Voo = Yoy — Ay -ifn; 1)
b
w201,
2n

xll H . . ) .
wher™ and”™ are the coordinates of a point belonging to the symmetry plane of the ring
gear;

Ax andAy are respectively, the maximum deviations of the coordinates of the latdaales
points of the tooth in the section of the indexing cylinder in the tooth thickness and height;
by is the width of the ring geat;is the number of points on the trajectory.

Having chosen the number of points (for exampt&0) on the trajectorycaading to
the dependence (1) the distribution of the spatial trajectory points’ coordinates of the
cutting tool movement is calculated. By connecting the points with segments, we obtain a
spatial polyline, which preletermines the geometry of the cuttitapl spatial trajectory
(Figure 2).
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Fig. 2. Preliminarycalculating results of the tool trajectory points coordinatesprajection onto
the yOz plane; b projection onto the xOz plane.

As shown in [8], the cutting tool profile is copied without distortion in the profiling
planeperpendicular to the trajectory of its movement. The intersection points coordinates of
the profiling plane with the spatially modified tooth lateral surface are determined by
solving the system of equations [11]:
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x(A)=x, (1=2) +3-x-A-(1=-2) +3-x,- 27 -(1-A)+x, ,-A°,
z(A)=z, ,(1-2) +3-2-2-(1-2) +3-2,-A*-(1-A)+z, .- A°,
A, -x, (}L)+Bpi Vieor +C it 2y (/1)+D =0,

pi

&)
A
Where i ( )andZ1 ( ) are the points coordinates belonging to the spline;

A is the spline parameter;

Xn kr Xk k1 Zn k) Z  respectively, the coordinates of the start and end points on the curve
describirg the gear tooth line;
X1,X2,Z1,2Z, are the spline control points coordinates;

Api> By o Dy, arethe constant coefficients in the plane equation, determined by the

dependencies for a trajectory straight line segment:

— +P _ P
Apl' - xmpi+l 'xmpi’

— P _ P
Bpi - ympi+l ympi 4

Cc. =z" z" ©)

pi mpi+1 - mpi °

D, =0,5 ((x;;i )2 + (y;’,f,,» )2 + (Z:;i )2 - ((xr};};m )2 + (yr’:;m )2 + (ZZI;HI )2 ))

The parameters of the transition from the gear coordinate sysigm to the cutting
tool coordinate system are determined for each point of the trajectasydimccto the
dependencies [12]:

— P,
o, =arctan| — |; (4)

pi
A

@, = arctan “

®)

B, sina, +C, cosa,

The intersection points coordinates of the profiling plane with the spatially modified
toothlateral surface, obtained as a result of solving the systenuatiats (2),are reduced

a
to the cutting toolcoordinate system, taking into account the found ar%leand Y
using the system of the following equations:

X, =cosa x —sing, sina,y, —cosa, sina,z +z,,sina, cosa, —x,,c0sa, +y,, sina, sina,;
Yy =cosa,y, —sina,z, +z,,sina, —y,, cosa,;

z, =sina,x, +cosa, sina, y, +cosa, cosa,z, +—x,, sina, —y,, cosa, sina, -z, cosa, cosd,,.

(6)
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The points coordinates on the stamdaool cutting edge are determined by the
dependencies [13]:
- for the left tooth profile:

/4 T

S PR ESP I W |
zZ %
V4 |

Yo =ty {cos[—+¢] —¢Clj+<15, SIH(—+¢1 —(/’“H-
z =

)
- for the right tooth profile:
.| T
Xop = h |:sm(_ +6 - q)c_lj -4 COS(_ +4 - ¢c_1j:| ’
Z1 Zl
T . T
Yop =Tn {COS (_ +6 - ?@. ] +4 Sm(_ +4 - q)c_lj:|‘
% “ 8)

whererb1is the radius offte gear main circle;
z) is the gear teeth number;

@1is the angle of the involute gear profile;
@c_1is the offset angle of the gear involute beginning.

To refine the spatial trajectory parameters the radial and tangential correction values of
the cutting tool position are entered.

The radial correctionalue is determined by solving the system of equations (8), taking
into account that the gear tooth height coordinate changes by the correction value.And in
the left part of the equations system (8), the points coordinates belonging to the gear tooth
laterd surface are substituted, reduced to the cutting tool coordinate system according to
the dependencies (6):

.| 7
Xy, =1y, |:S1rl(—+¢1 —(pvlj—ﬂ COS(_+¢1 _¢c|]:|’
4 Z
T T
Yoi =Ty |:COS(Z_+¢1 _¢clj+¢l Sm(z_"'(bl _%J:I +k,.
1 1

The tangential correction value is determined by the dependence:
k; =0,5(8x0 +6X,, ). (10)

©)

where 5x00 and 5x0"

- is the deviation of the tooth thickness for the upper and lower
points of the profile:

__ _meop
OXor =Xoi " = Xojs (11)
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meop
where X0 and ¥ _ coordinates alam the thickness of the tooth, theoretical and
corresponding to the theoretical values of the thickness at the boundary points of the tooth

profile:
Xoi = Ty {sin (1 +, — . j — @, cos [1 +o, —@. j} > (12)
z, - z -

1

where a and 8 the unfotling angles of the involute for the boundary curve points of
intersection of the lateral surface of the spatially modified tooth with the profiling plane,
determined taking into account the previously found values of the radial correction, by
solving the gstem ofequations:

T . T
Yoo = T |:COS(_+¢11 _¢’c1j+¢nsm£z_+¢11 _¢cl]j|+kri7
1

Z

T . T
Yon =T I:COS (Z_ +¢, - @, 4 j +¢,sin (z_ +¢, - @, 4 j} +k,.
1

(13)

1

The points coordinates of the actually cut involute are determined in accordance with
the system of equations:

. VA T
nap __
Xoi,; = T |:Sm(z_ + ¢]i - (ch ] - ¢Ii cos (Z_ + ¢1i - (ch ]:| - kzja
1 1

Ha T 1 4
in,[;' =T |:COS [Z_ + ¢1i — @ j + ¢1i Sm [z_ + ¢1i ~ P j:| + krj‘
1

(14)
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Fig. 3. Tooth profiles and cut involute in the profitj plane.

Based on the calculations results using dependencies (14), we construct theoretical
curves graphs of the involute curve being cut and the spatially modified tooth lateral
surface section by a profiling plane, reduced to the cutting tool cotedgyatem and
(Figure 3.).
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At the second stage, the specified points coordinates of the cutting tool spatial
displacement trajectory are determined, taking into account the previously found values of
the radial and tangential cutting tool position coritti

x" =x" -k ;

i mpi (724
mp __ .
y - y mpi + kri s
mp __
Z; i Z mpi *

(15)

The points coordinates approximation of the cutting tool spatial trajectory movement is
carried out by a thirdrder Bézier spline:

= (LA ) a4 3+ (1= A ) A, +3- (1= A7 ) A2, + A

1

yr=(1 —z,l.m") yer+3-(1-4" )2 YL, +3- (1= ) A2 y2,, + Ay

mp mp n ’

2= (=AY 2 +3- (1= A Y Arat,, +3- (1= A ) Az, + A2

n b

(16)

wherex™, y™ , z" are thel point coordinags of the cutting tool trajectorymovement;

X", vo¥,zgP andx”, y™ z"™ are the points coordinates of the cutting tool trajectory

movement beginning and end,;
xl,,.1,,,21,, andx2, . y2 . z2 = are coordinates of thepline control points;
A L

i is the splinesparameter.

In further considering the found cutting tool trajectory movement parameters refining
coordinates calculations of the profiling plane intersection with the lateral surface of the
tooth with spatial modification are performed. Coordinate calculations are performed using
the system of equations (2), taking into account the plane parameters perpendicular to the
spatial curve of the cutting tool trajectory movement found from dependgi3ieshe

transition parameterer, and a, from theXiy1Z1 coordinate system to the tool coordinate

system are calculated using dependencies (4) and (5). After that, the refined points
coordinates values of thegfiling plane intersection with the lateral surface of the spatially
modified tooth are brought to the cutting tool coordinate system according to the
dependencies (6).

The quality of the calculations performed to determine the parameters of the cuiting to
spatial movement trajectory is checked by assessing the accuracy of obtaining the
coordinates of the spatially modified gear tooth lateral surface. For this, the theoretical
values of the points coordinates on the spatially modified teeth lateralesarfacompared
with the coordinates that will be obtained during machining if the cutting tool moves
relative to the workpiece along the calculated trajectory without taking into account the
elements deformations of the “machine - fixture - tool — detail” system.

To assess the accuracy of the cut teeth side surface geometry, we substitute the
theoretical value of the coordinate along the tooth height, reduced to the cutting tool

coordinate system in one of the system equaifddg y;"":
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meo T . T
in,jp =Ty COS(_"'%‘ _¢c~_1]+¢li Sln(__i_qé]i _(Dc_lj +krj'
z, z, an

From the obtained in this way equation, we determine the value of the involute
unfolding angleyﬁ” , corresponding to the current value of the coordinate along the height of

neop

the tooth v

first equation of system (14), we calculate the value of the point coordinate belonging to the
being cut involute during processing:

. After substituting the value of the involute unfolding angle into the

T T
Hap b
Xoi,j = "y Sln(z_+¢u _¢clj_¢li COS(Z_+¢U _(oclj _ktj
1

1

We carry out a quantitative assessment of the ring gear shaping accuracy, taking into
account the values of the absolute and relative deviations of the teeth actually cut side
surface points coordinates from the theoretically calculated ones.

Thus, a mdtod has been developed for determining the dependencies that describe the
cutting tool spatial trajectory operating by the copying technique while processing ring
gears with spatially modified teeth.The implementation of the technique allows to
determine lte control points coordinates of the cutting tool spatial movement trajectory in
the process of multiplaxis processing on CNC machines of the spur wheels spatially
modified teeth.The method assumes the use of a standard cutting tool during
processing.Theesults obtained in the development of a determining method for the cutting
tool movement trajectory can be further used in calculations related to the designation of
processing parameters.

The proposed approaches can be used in the ring gearsprocies$ining largescale
ones, in the conditions of single and srsaiale production while choosing technological
equipment and cutting tools, as well as in the process of writing control programs for CNC
machines.

The use of the proposed method for deteimmginthe parameters of the cutting tool
spatial trajectory allows to increase the accuracy of the ring gears maltiplenilling due
to the analytical description of the correlation between the geometry of the spatially
modified teeth lateral surface, tiggometry of the tool cutting edge and the cutting tool
movement trajectory relative to the workpiece.
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