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ANALYSIS OF THE METHODS OF
MEASUREMENT OF THE CYLINDRICAL
GEAR INVOLUTE

O6’cxmom docridacenns 6 daniil pobomi € NPOUEC BUMIPIOBANNS e60LbECHMU UULIHOPUUN020 3YOUACTO20 KO-
JCA WAXOM BUKOPUCTRAHIS KOOPOUHATIHO -GUMIPIOBALLHUX MAWUN HA HOBUX (DISUYHUX NPUNUUNAX, 001a0HAH]
ma memodax. /[o menepiuunvozo uacy memponoziune 3a0e3neueHns UMIPIOBAHHs Napamempie 3youacmux Koic
CRUPANLOCSL Ha 2aMy 3aco0i8 3y6osUMIPIOBaNbHOL mextiku. Bci eonu maiomv obmexcenuil 0ianason eUMIPIOGaHIs
napamempis, pisHy mouHiCMov i HOMEHKIAMYPY SUMIPIOSAHUX 3Havenb. bazamo 3 nux mopanvno 3acmapinu, e
aABMOMAMU306aNI, HE MAIOMb BUX00Y HA KOMN I0MeEPHi 3aco0u ma He 3a6e3neuyioms Cyuactozo Pieus mouHocni,
ingpopmamuenocmi ma weudkooii. B cuny ubozo, 6ce Oinvuie 3acmocosyemvpCs 6 NPakmuyi Mempoioziune sabesne-
uenns 3YGUACTIUX KOLIC MA 3HAXOOAMb BUMIPIOBANIS 2C0MEMPUYHUX NAPAMEMPIE IX eB0IbEEHMHUX NOBEPXOHL HA
KOOPOUHAMHO -8UMIPIOBATLHUX MAlUHAX. [cmomHor nepesazoro € motl paxm, wjo Ha KOOPOUHAMHO-8UMIPIOBATLHUX
MAWUHAX 3G 00HY YCMAHOBKY MONCE BUMIPIOBAMUCS OEKLIbKA 2€0MEMPUUHUX NAPAMEMPIE8 NOBEPXHI 3YOUACMOZ0
xoneca. Ilpu yvomy pospobaene mamemamuuine sabesneuenis 0036016 OUIHUMU NOXUOKU GUMIPIOGaNs i damu
ix epagiune sidobpaxcens. Y pobomi poseasnymo emanonny 6asy 6 061aACMmi eB0IbEeHMOMeMPIl, W0 suMazac i
CMBOPENHsL 3 YPAXYBAHHAM 0eMAILHOZ0 ANANI3Y HOBUX NPUHUUNIG GUMIPIOSANIs, HeoOXionicmb 06rpynmyeanis
ix mounocmi, poswupenis 0ianasony i HOMEHKIAMYPU BUMIPIOBAHUX napamempis. A omoce, 6upoOHULMEO HOBUX
MoOuikayiii ykpaincokux 3aco6ié 6UMIPIOBAlsl, 3ACHOCAHUX HA HOBGUX NPUHUUNAX KOHMPOIIO A KOHMPOILHO-
BUMIPIOBANLHUX NPULAOAX NPOGIOHUX 3APYOINCHUX BUPOOHUKIE 6 00ACTNE 60NLEEHMOMEMPI, € NEPCNeKMUBHUM.
Posensinymo maxosxc komniexc pobim 3i Cmeopenust cucmemu 3a0e3neuents E0HOCMI BUMIPIOBAHHS 2€0MEMPUUHUX
napamempie 3ybuacmux xouic. Lle sumazae nepeznady, cucmemamusayii ma po3eumxy memoois i 3acobie mempo-
J02iu020 3a6esneuenis. 3anpononosano MAmeMamudtuil ONUc Kpueoi eorbeenmu 3y6uacmozo Kojieca Memooom
mpuanzyasyii 6azamo3e’sa3nux 061acmet ma Onuc 2e0Mempuuoi MoOeLi esoveeHmu 3a 00nomozoto mpenda. Hadani
pexomendayii wodo 3acmocysanis Memoody onucy 3y6uacmozo UUIHOPUUH020 KOIECA 3 €BOIbEEHINHUM NPODiLeM.
3anponorosanuii memoo 0ae 3mozy NiOBULLUMU TMOUHICTID BUMIPIOBANHSL HA KOOPOUHAMHO-BUMIPIOBATOHUX MAUUHAX.

Kmouosi cnosa: esonveernmuuil npopinn, 3ybuacme Koieco, OUinKa NOXUOKU 6UMIDIOBAHIS, TOUNHICTD GUMIPIO-
BAHHSL, KOOPOUHAHO-8UMIPIOBANLHA MAUUHA.

Dihtievskiy 0.,
Kvasnikov V.

of a trajectory. In this case, the tolerance discreteness of
linear displacements reaches 0.1-0.2 pum, and the rotation

1. Introduction

The existing traditional devices for measuring the para-
meters of an involute profile are used as a standard of a real
material object — the manufactured involute surface, which
has, although small, but real form errors — a deviation from
the theoretical involute. In the coordinate measuring machine,
as the standard of an involute profile, its ideal representation
is used in the form of a mathematical model with which the
measured profile of the involute type is compared.

Traditional devices for measuring the parameters of an
involute profile are created in the process of measuring
movement in an involute with the help of mechanical
elements of coordinate measuring machines. At the same
time, there is an error in the process of movements when
the main circle is run in at the moment of involute for-
mation, and inaccuracies in the shape of the mechanical
elements of the device is another source of error.

In the coordinate measuring machine, in contrast to
traditional devices for measuring the parameters of the
involute profile, it is not necessary to use special mechani-
cal elements of the device, and, therefore, there are no
similar error components.

All complex movements of coordinate measuring ma-
chines, necessary for the formation of an involute, are rep-
resented in digital form, which allows for the introduction

tolerance discreteness resolution is 0.05 mm.

The presence of modern computer software in coordi-
nate measuring machines allows for automatic processing
of measurement results. And also to increase the informa-
tiveness of the results due to the possibility of graphical
information output and significantly improve the measure-
ment accuracy due to the mathematical compensation of
errors of systematic components. It is also possible to
reduce random errors due to statistical processing.

All this creates prerequisites for the development and
introduction of modern precision coordinate methods and
means of measuring the geometric parameters of an invo-
lute profile, as well as their metrological support, on the
basis of coordinate measuring machines.

Therefore, it is relevant to study the measurement of
the cylindrical gear’s involute by using coordinate measuring
machines based on new physical principles, equipment and
methods.

2. The ohject of research
and its technological audit

The object of research is the process of measuring the
involute of a cylindrical gear by using coordinate measuring

TECHNOLOGY AUDIT AND PRODUCTION RESERVES — Ne 2/2(46), 2019, © Dihtievskiy 0., Kvasnikov V.

19—



— INFORMATION AND CONTROL SYSTEMS:
SYSTEMS AND CONTROL PROCESSES

I55N 2226-3780

machines based on new physical principles, equipment and
methods.

Coordinate measuring machines are based on precise
measuring transducers and computing equipment. They are
characterized not only by high measurement performance,
but also by a significant dynamic range [1]. At the same
time, the effective use of coordinate measuring machines is
associated with the solution of a number of metrological
tasks, primarily, with ensuring their certification, testing,
calibration and calibration.

At the present stage of development of technology, one
of the key shortcomings, which design and technological
bureaus work to eliminate, is the precision of production
and control of the precision wheel.

3. The aim and ohjectives of research

The aim of research is development of a method for
controlling an involute of a cylindrical gear using a coor-
dinate measuring machine and a mathematical description
using the triangulation method.

To achieve this aim it is necessary to perform the fol-
lowing objectives:

1. To analyze the gear geometry with involute profile.

2. To perform a mathematical description of the gear
involute curve by the method of triangulation of multiply
connected domains.

4. Research of existing solutions
of the prohlem

Today, at the disposal of the industry a huge number
of complex and expensive dental toilets [2, 3], which are
equipped with almost all enterprises producing and control-
ling gears. Today in Ukraine at industrial enterprises there
are more than ten thousand tools used to measure equip-
ment of the whole range of geometric parameters [4, 5].
The widespread use of gears in many branches of engineering
and instrument-making poses the task of developing metro-
logical support for their production. This is due to the
requirements of improving the accuracy, quality and com-
petitiveness of products where they are used.

Among the main directions of solving the problem
of measuring cylindrical gears with involute profile can
be identified [6, 7]. But in these studies, control of the
gear of the tooth by using coordinate measuring machines
based on new physical principles, equipment and methods
is not considered.

The authors of [8, 9] show algorithms and programs for
the triangulation of a two-dimensional region of arbitrary
shape, however, there is an unresolved question of the
mathematical description of a gear involute curve by the
method of triangulation of multiply-connected domains.

An alternative solution to the problem of a mathe-
matical model and an algorithm for analyzing the contact
stresses of gears is described in [10, 11]. However, these
papers do not provide for triangulation of multiply con-
nected domains.

The profile modification of the gears of cylindrical gear
involute with regard to the deformation of the gearing is
considered in [12, 13], which emphasizes the inaccuracy
of the method for describing the geometric parameters
of an involute gear. In papers [14, 15], the importance
of automating the monitoring of parameters of gears is

emphasized. But automation of the process leads to an
increase in measurement error.

Thus, the results of literary analysis suggest that the
development of a method for measuring involute cylindri-
cal gears is reasonable and promising.

5. Methods of research

During the study were used:

— theory of the geometric construction of an involute
of a circle;

— theory of linear equations of the gearing involute;
— method of triangulation of multiply connected do-
mains;

— experimental laboratory tests to obtain statistical
data, processing and analysis of the results.

6. Research results

To measure the main profile of the teeth of cylindrical gears
used in mechanical engineering, the construction of an involute
profile is primarily carried out. A flat involute of a circle is
called the trajectory of any point, for example, A (Fig. 1),
a straight line that rolls without sliding along a circle of
radius 7,; such a circle is called evolute, or the main circle,
and a straight line is a generating line.

Involufe

Generating line

Evalute (man circle)

Fig. 1. Construction of an involute of a circle

The construction of the involute of the circle is shown
in Fig. 1. Let’s draw a generating line to the main circle,
touching the point A,. Then let’s roll the generating line
along the main circle without sliding. To do this, let’s lay
off a point A, on a generating line a series of identical
segments A, —1, 1-2, 2-3, and so on. On the main circle,
let’s single out arcs from this point equal to these segments.

When rolling a straight line in a circle without sliding,
the point 1 coincides with a point 1’, point 2 — with
a point 2/, etc. Let’s draw through points 1/, 2’, 3’ etc.
the tangents to the circle and set off the segments equal
to the straight line segments on the point of contact. Con-
necting the points Ay, A, A, and so on a smooth curve,
let’s obtain an involute.

Equations of the involute gears are obtained from the
condition of rolling or forming a generating line along the
main circle without sliding. To do this, let’s consider some
arbitrary position of the generating line, which is shown

;20

TECHNOLOGY AUDIT AND PRODUCTION RESERVES — Ne 2/2(46), 2019



I55N 2226-3780

INFORMATION AND CONTROL SYSTEMS:
SYSTEMS AND CONTROL PROCESSES )

in Fig. 2 and which corresponds to an involute point Y.
Let the coordinates of the involute point Y of the gear
be: 7, — radius vector and 6 — angle of deviation of the
radius vector 7, from the radius 7, drawn through the
beginning of the involute A.

Generating line

Man circle

Fig. 2. Positions of the generating line

Let’s draw a tangent through the point Y to the main
circle of radius 7 . The point of contact M for the involute
atapoint Y is the center of curvature, and the segment MY
is its instantaneous radius of curvature. Let’s connect a point
of contact M with the center of the main circle O and
designate the angle between the half lines OM and OY
as o,. This angle is called the angle of the profile — the
sharp angle between the tangent to the profile at the cor-
responding point Y and the radius-vector of this point 7,.
Obviously, this angle is equal to the angle MOY, since the
line OM and the tangent at the point Y are parallel to
each other. From the triangle OMY let’s have:

7y

1y = : (1)

cosa,

Since the involute obtained by rolling a generating line
relative to the main circle without sliding, then MY = MA.
Considering that MY =7 tga, and MA =7, (oc ,+ 9) let’s obtain:

ntgo, =7 (o, +6) (2)
or

tgo, =0, +0. 3)

Solving this equation for 6, let’s have:

6=tga, —a,. (4)

Let’s denote tgo, —o, by inve, and calculate as follows:

inve,, =tgo, — o, (5)

The angle invo, =6 is called the involute angle; it denotes

the angle between the radii drawn through the begin-
ning of the involute A and the point Y. For a involute

function, tables are compiled from which the angle o, can
determine the function invo, or vice versa.

Equations (4) and (5) are the equations of the involute
of a circle in parametric form.

The radius of involute curvature at a point Y:

p,=MY =rntgo, =10,. (6)

Let’s note that the position of a point ¥ on an involute
can be specified by any angle of angles o, v, =0, +inva,,
o, or by a radius vector 7, passing through the beginning of
the involute A and by a radius p,=MY drawn through
the center of curvature M of the involute at a point Y.

The task of the synthesis of an involute gear is deter-
mination of its geometrical parameters, as well as the qua-
litative characteristics (coefficient of overlap, relative slip).

To start, select the source data (number of teeth z,
module m), parameters of the initial contour (tooth head
height ratio #,, radial clearance coefficient c¢", profile
angle o). And then calculate the dimensions of the ele-
ments of the gear according to the Table 1 and determine
the means of measurement.

Tahle 1
Formulas for the theoretical calculation of the dimensions
of the gear elements
What it is necessary to find Measuring
- Formula
Name Designation device
. . Pitch gauge _
Gearing pitch )il (Ukraine) p=mm
mz
Pitch circle radius n Involutemeter n=—
(Germany) 2
Main circle radius Involutemeter
Iy (Germany) Iy = [,COSOL
z
Vertex circle radius Iy Involutemeter ry=m|-+h,
@ (Germany) 2
. . Involutemeter Z .
Cavity radius ry (Germany) Iy = m(z h,-c J
R ; Involutemeter
Starting circle radius I (Germany) i =0
. -1
Tooth height h (Ukraine) h (2173 +c )
Thickness of the tooth Ee.ar tooth I
. ; 5, caliper gage 5, =m| -tga
on the pitch circle . 2
(Ukraine)

After measuring all the geometrical parameters and
determining the necessary coefficients, we can build up
the tooth profiles (Fig. 3).

To begin, let’s set aside the center distance 0,0, with
the radii 7,4, 7., of the initial circles, build a circle, touch
at a point P (gear pole). Let’s build the main circles with
radii 7,7, and draw a tangent to them nn. From the
wheel centers, let’s drop the perpendiculars to the tangent
and get the points Nj, Ny — the beginning and end of the
theoretical line of engagement. Let’s determine the arcs of
the pitch circles, circles of hollows and peaks. Let’s build the
involute teeth of the gears on the measured points (Fig. 3).

It should be remembered that the radius of the circle
of the hollows may be greater, equal or less than the radius
of the main circle. It depends on the number of teeth of
the gear and the offset factor.
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Fig. 3. Involute construction

Let’s construct a full profile of a tooth. To do this,
from the obtained involute curve along the pitch circle,
let’s single out the thickness of the tooth, which let’s
split in half. Let’s connect this middle with the center
of the gear and draw the axis of symmetry, relative to
which let’s build the second profile tooth curve (Fig. 4).

Sa

Fig. 4. Tooth profile construction

Let’s describe the involute curve by the triangulation
method. In the process of splitting the boundary of the
region and its triangulation, the function of steps is used,
adjusting the dimensions of one-dimensional and triangular
finite elements depending on their position in the region.
The function of steps can be any positive function. In [1]
one of its options is proposed:

L By — Iy
h(xy)=h+Y —
=t 1+ ﬁ + &

A, B,

where Ay — the main grid spacing; n — amount of con-
centration or rarefaction of the grid; #; — grid spacing at
the center of the i-th concentration; A;, B; — dimensions of
the condensation region; N; — exponent characterizing the
concentration gradient:

)

¥ =(x—x;)cosa; +(y —y;)sina, (8)

7 =(x—x)sino, +(y —y;)cosa, 9)

where (x,-,y,-) — coordinates of the center of the i-th concentra-
tion; ar; — angle of rotation of the axes of the i-th concentration.

Let the limit of a multiply connected domain be formed
by N piecewise smooth closed contours defined in a Car-
tesian coordinate system O,, in a parametric form. Let’s
consider some piecewise-smooth contour T (contour index
is omitted) formed by L smooth curves vy,, n=1,...,L, which
parametric equations are:

(x(2).y(t))=%(c)=%,(¢), tz st <t;, (10)
where t,, t; — limits of the parameter ¢ change for v,.
From the condition of continuity and closure of the T con-
tour let’s have:

T (6) =% (trn), at n=1L—1, (67)=%,(¢7).  (11)

Parameterization (1) must be such that for internal
circuits the direction of the bypass with the growth of
the parameter ¢ is clockwise, for the external contour —
counterclockwise.

I' splitting is carried out sequentially, starting with
the first smooth curve vy,:¥=2%(¢). The first node in T
is 7 =%,(t7). Let’s suppose that the first /-1 curves of
the contour are already split T, the last node constructed
on these curves are:

Yo =204 (t) = 2 (87),
and split the curve vy, with the last node:
Yn sk = X1 (tfle),

where ¢} — the value of the ¢ for the last node ¢} e(¢7,¢}).
Let’s denote by s(¢},¢) the length of the part of the
curve 7y, corresponding to the value ¢},¢:

si(tht)= [|2(¢) de, e e[eh, 7], (12)

where ¥(¢) — the derivative of ¢ with respect to (¢).
When constructing a new node ,, .., the value of the
function of steps h(x,y) in the previous constructed 7, . is
calculated and let’s find the solutions ¢},, of the equation:
si(tht)=h(Fo ), te[thir]- 13)
In the case of the existence of this equation ‘fcl(t)‘ >0.

According to calculated value ¢}, let’s calculate X;(¢},,) and
find the solution ¢, of the equation:

1
Si (tl{nt)zi[h(ynHJrk)'i_h(i/( téﬂ)):l (14)
Let’s consider the inequality:
d_sl(tléytlleﬂ) = /
sttt <&, d =gy, =5 (th)| (15)

The left side of inequality (4) is the relative difference
between the length of the involute arc and the length d
of the segment corresponding to it, and which characteri-
zes the deviation of the arc from the straight segment.

If inequality (4) is satisfied, then the point X,(¢},) is
declared a new node and proceeds to the construction

;22
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of the next node. If inequality (4) is not fulfilled, the
right-hand side of equation (3) is consistently reduced
by a certain amount (for example, one-tenth of the right-
hand side) until (4) is satisfied. This situation arises when
the length d of a one-dimensional element, calculated ac-
cording to the function of steps, is sufficiently <«large»
for an acceptable approximation by this element of the
corresponding arc, and therefore, this length is gradually
reduced to the necessary inequality (4). Then go to the
construction of the next node ¥, .s2-

The end of the procedure for constructing new nodes
on the /-th contour T' curve is associated with the absence
of a solution to equation (2) and is described in [2].

After we have split the limits of the domain of the invo-
lute, let’s turn to the direct triangulation of each of its parts.

1. Let’s find the section z,;, of the current grid boun-
dary (CGB), which has a minimum length /,;, and nodes
Xhiny X%, Let’s denote zp;,, 2k, respectively, preliminary
and subsequent sections with respect to z,,. Let’s choose
the section z,,, from z,, z., the section that forms
Zun with the smallest angle B,;. Let’s denote the nodes
of the selected pair of sections (this is either 2z, z,y, or
Zoins Zhin) @s xpinopinpmin I B, <80° (otherwise go to
procedure 4), then:

2. Let’s carry out a check for hitting CGB nodes in
a triangle A(zmin,z;m). If there are no such nodes, then
go to procedure 3, otherwise, from all the nodes that hit
in the A(z,,,25,) nodes, select the node 7. closest to
Zuwin, and go to procedure 12.

3. Let’s consider a circle with a radius 1/2‘3("”"—96””"
and its center X, X, —(x{’“”+x’””’)/2 If the CGB nodes
do not fall into external half of a circle with respect to
atriangle A(z,,2,), then proceed to procedure 13. Other-
wise, from all the nodes that fall, let’s choose the node %,
closest to the segment \x””" x7n and split the quadrila-
teral ( m,n,z,,,,,l,x,,) into two triangles in such manner that
the minimum angle that comes out of the triangles was
maximum. Let’s declare both obtained triangles as elements,
remove the third (z,,m,, ,m,,) from the CGB (determine the
connectedness of the region, add two new sections [x{'”",fcm],
and proceed to procedure 1.

4. Let’s construct a point:

(16)

1
T DT
X = Xy, + ity X5, = §(x,m-n +22),

where 7 — normal to z,,, directed inside the area:

(x:m'n -

xrznin)'ﬁ:lmirtESv é?; :(001)7 (17)

31 n. (18
Tminn' ( )

Zh X,]m,” ] 1 2 T3 xfnin +

On the base of the section z,,, let’s construct a rect-
angle O, one of the sides of which is z,;,, and the other
is directed along the normal and its length is equal to 24,
where £ is the height in A(z,,,i,,,fc* ), dropped to z,,;,. With
the help of the control domain 9, let’s establish the cri-
teria for the proximity of the constructed new node Xx.
to the previously constructed nodes and sections. If %. in
a certain sense it is close to nodes or sections, then we
refuse to build a new node, and from the close nodes to
build a new element, let’s choose the best one.

Let’s define two sets M, and M,:

Moz{n:fcneﬁ, fc,,ixf,,,-”,i=1,2}, (19)

where M, — set of numbers of CGB nodes, which fell &

except for the numbers of nodes x};,, x2;,.
M1:{n:znm6ﬂ¢0, z,,;tz,,,l-,,}, (20)

where M, — set of numbers of CGB sections that intersect 89,

with the exception of the minimum section number z,,,.
Let’s introduce two additional points Z;, Z,:

=l + (1) A7, =12, 1)
R S 1 1 F
"= lmin (xmin B x"li")’ Al = Z(h(xmm)_ lmin)- (22)

Let’s determine the angle T in the triangle A(]?*,Z,Ez)
based on [Z,2,] and suppose z, =2, if z},, = z;,, Z = Z, and
if zy, =25, (see item 1).

Let’s determine the angle o, at the vertex ¥. of the
triangle A(Z,%,,%.). If 0,>30° and B,,, —1>20°, then the
point X. is declared a new node and go to procedure 14.
If o,<30° then the point X. is redistributed so that the
new angle o, =30° X.=x5, +(22 —xf,,m)tan 75°n, while, if
Bin —75°<20°, then go to procedure 2.

5. Let’s introduce the whole switch parameter IND and
suppose IND=0. If M,#0 (otherwise, go to procedure 9),
then from M, select the number m at which the correspon-
ding node %, is closest to z,;,. To do this, determine the
distance /; from the points ¥;, ie M, to z,;, and choose:

L, =min;y, — m. (23)

Let’s consider the angle o at the vertex ¥, in the
triangle A(X,,,Z,2,) ( Z are defined in 4). If o, > 30° (other-
wise, let’s proceed to procedure 8), then let’s carry out
a check on the intersection of the segment [fc,n,x}m-ﬂ] with
the CGG sections having the numbers from the M, num-
bers of the sections adjacent to the nodes X¥,, x};,. Let’s
denote for convenience X, by ..

6. If there are no ordinary points, then go to either
procedure 12 (at IND=0) or procedure 14 (at IND=1).
Otherwise, proceed to procedure 7

7. With the use of intersected section nodes z,, let’s
construct anti-clockwise oriented triangles A(z,,,,%;), where
X, — nodes of section z,, ke{k1,k2}. When constructing
triangles, it is necessary to monitor their existence. From these
triangles (if both exist) let’s choose A(z,,%; ), kb €{k b}
which has a minimum angle more (let’s denote the mini-
mum angle in any triangle A(z%) by o(z¥). Denoting the
selected node ¥, by #-, let’s check for the intersection
of both sides A(z,;,y) with all parts of the CGB except
for the minimum and sections adjacent to minimum angle
and to the node #., and proceed to procedure 6.

8. The nearest node ,, is very far from z,,, (since o; < 30°),
therefore let’s shift x. to z,, so that the distance from
its new position (let’s denote this point by #.) to z,, be
1,/2, y- = x5, +1/21,7; 1,,, which defined in (5). In the triangle
A(Z,,Z,,9-) let’s determine the angle t at the vertex Z; Z, is
defined in 4. If B,,;, —T<20°, then go to procedure 2, otherwise
let’s check for the intersection of one of the sides A(z,,,7-)
with sections with numbers M, with and go to procedure 6.
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9. If B, —T<20°, then go to procedure 2, otherwise from
all the sections that cross 89 let’s choose z,, and z,, the clo-
sest ones to z,,;,. To do this, let’s consider all the intersection
points y! of the sections z,, k € M, with the side T of the
rectangle O, which passes x! through, and similar points y? for
T',. Then the numbers m, and m, are defined as the numbers
with M, deliver a minimum of expression |y/ —y3,,|, that is:

=m;, j=1N,.

Yl = Yoin (24)

min ey,

If T, and T, cross the various «closest sections», then
N, =2.1f one of the sides T'; of a section does not intersect
or I'; and T, intersects with the same section, then N, =1
and let’s consider only the number m;.

10. Let’s construct oriented triangles A(z,,,m,x,’,',“ ), where
x;, — section nodes. Let’s choose from A(z,,;,,;, ) a triangle
with a minimum angle that is larger 0u(z,,,,7, ) 2 0(Zin, %5, )»
and proceed to the next procedure.

11 If oU(2yin, ¥}, ) S 0U(2,,,%+), then go to procedure 14;
otherwise, let’s check the sides of the intersection A(z,, ,x{,',“
with all the CGB sections, with the exception of the sec-
tions adjacent to the node x,’,;q and to the section z,;,. In
addition, let’s conduct a check for the entry of CGB sections
into this triangle with the exception of the node x;, and
the nodes x!;, and x2,. If the intersections and the nodes
inside the triangle are not, then let’s denote the node x,{m
as x5, and proceed to procedure 12. If the intersection is
or the triangle contains at least one CGB node, then from
the list of parameter values j, let’s select a new value j,,
go to the beginning of procedure 11 by renaming j, to j;.

12. Let’s declare the triangle A(z,,,7-) as an element,
delete z,; from the CGB, determine the number of con-
nectedness of the domain, add two new sections [xb,, -],
[g*,x,%,i,,], and proceed to procedure 1.

13. The triangle A(z,,2,) is declared an element,
delete z,,,z,;; from the CGB, add one section [x{”i”,xg”i’i]
and proceed to procedure 1.

14. Let’s declare the triangle A(z,,,%.) as an element,
delete z,,;, from the CGB, add two new sections [x}m-n,fc*],
[%.,22%,], and proceed to procedure 1.

7. SWOT analysis of research results

Strengths. The formulas for improving the accuracy cha-
racteristics of the stabilization system and increasing its speed
are derived, which allows to raise the characteristics of the
equipment to a new level, higher than foreign analogues.

Weaknesses. The weak side is that in order to improve
performance it is necessary to carry out more accurate calcu-
lations and calculate a larger data array, leading to the use
of a new element base of the coordinate measuring machine.

A negative internal factor is an increase in produc-
tion costs.

Opportunities. The proposed method allows to improve
the measurement accuracy on coordinate measuring machines.

Threats. The absence of precision equipment in the
machine tool park. An enterprise that wants to master
this method must purchase high-precision equipment for
measuring involute gears.

1. The gear geometry with involute profile is analyzed.
Thus, an involute is constructed to measure the main profile

of the teeth of cylindrical gears. Namely, it is established
that the equation of the gear involute is obtained from
the condition of rolling or forming a straight line along
the main circle without sliding.

2. A mathematical description of the gear involute curve
is made by the method of triangulation of multiply con-
nected domains. It is established that in the process of
splitting the boundary of a region and its triangulation,
the function of steps is used, correcting the dimensions
of one-dimensional and triangular finite elements.
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