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Abstract— This paper presents a method for evaluating
the machining accuracy and process stability of the gear
cutting and gear hobbing of cylindrical gears. Through
statistical analysis and the use of mathematical evaluation
criteria, the stability of the machining process has been
established. This makes it possible to determine the optimal
setup parameters and predict the maximum number of parts
that can be produced with the initial setup of the machining
system.
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1. INTRODUCTION

The manufacture of gears by gear cutting and gear
hobbing is widespread in mechanical engineering. To
assess the process accuracy, it is advisable to monitor the
length of the common normal Wy and the tooth thickness
along the constant chord S.. The preferred parameter is the
length of the common normal, which reflects both the
kinematic accuracy and the lateral clearance in the gear
meshing.

To ensure the reliability of the inspection results, the
accuracy of the machine, equipment, and workpieces must
be within the specified limits for the corresponding
accuracy class of the gear wheels being manufactured.

Through statistical analysis, the type of manufacturing
process is identified, the target operating value is
determined, and the control limits within which the mean
value of the control parameter may vary are established; the
progress of the technological process is monitored, and the
moment is determined at which the technological system
should be readjusted or the tool should be changed [1], [2]

[3].
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II. MATERIALS AND METHODS

The input data for the analysis is obtained by inspecting
all parts produced during a single setup of the machining
system. This is necessary because the tool life, expressed
as the number of parts produced during a single setup, is
short. The inspection of the parts is performed in a
sequence corresponding to the order in which they were
manufactured.

To obtain a visual representation of the course of the
manufacturing process, a scatter plot is constructed based
on the inspection data. In cases where it has the form shown
in Fig. 1, the hypothesis can be made that the process is
statistically stable, and when it has the form shown in Fig.
2, that the process is technologically stable.
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Fig. 1. A scatter plot illustrating a statistically stable process.
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Fig. 2. A scatter plot illustrating a technologically unstable process.

In both cases, it is advisable to demonstrate the stability
of the process using a uniform methodology. To simplify
the analysis, the details are grouped into small samples
consisting of 3 to 7 gear wheels, which are processed
sequentially. The sample size is determined by the
following condition:

3<n<N/4 (1)

where 7 is the number of gears in the sample;
N —the total number of gears produced in a single setup.

When N<I2, the specified method cannot be
applied.

For each sample, the following statistical estimates
are calculated:

Ey,, . —mean value of the deviation from the nominal
length of the general normal.
1 Eer

n
By = —i1Wmr )
Wms n

Z?=1(Eeri - EWms)2 (3)

2=
S n—1

If the hypothesis of statistical stability of a
technological process is being tested, the homogeneity of
variances and the stability of the mean values for the
conditional samples are verified. For this purpose, the
Cochran criterion Gux < G, K and the Student’s criterion
t < t4, Kt. The tabulated values of the criteria Go, KG, and
to, Kt are determined based on the accepted significance
level and the degrees of freedom: K =n— 1 and K, =2 (n
— 1). The values of the criteria for the manufactured parts
are determined by the following expressions [4]:

Zm SZ

Gmax -

|E — Ewmra|
¢ =\/Z Wwmrl wmr2

N ©)

where m is the total number of conditional samples;

SZ 4 1s the maximum variance across the set of
samples under consideration.

The Gy criterion is determined for the entire set of
samples, while the t criterion is applied sequentially to pairs
of samples.

If the criteria of William Cochran and Student are
satisfied for more than 90% of the samples, the process is
considered statistically stable. In this case, the
characteristics of the theoretical accuracy diagram are
determined:

LFer - Average value
= 271:—117 Eeri (6)
=
52 - average variance
= 2
s = Zn(m p)(EerL Eer) 7
- n(m—p) -1

® - instantaneous scattering field

w=2K,.5 (®)

Where p is the number of samples excluded from the
analysis because they did not meet the Cochran or Student
criteria

K, - a coefficient that determines the practical limits of
scattering.

If the hypothesis of technological stability of the
process is accepted, the homogeneity of the variances of the
conditional samples is tested using Cochran’s criterion.
Next, the linear regression equation for the mean value of
the deviation from the length of the grand normal is
determined, and its objectivity is tested.

The regression equation is of the form:

EOerj =a-+ b.TJ (9)

Where Egy,
determined by the regression equation;

jis the mean value of the jth sample,

T; — the sample number;

a and b — the statistical coefficients

_ X Ewmrj be (10)
m
b= 2511 Eerj(Tj - f) (11)
1)
=17 (12)
m

The validity of the regression equation is tested using
Fisher's criterion:

52 (13)
F=—=<Fayk, i,
S1
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Where: Fay, K;, K> is the table value of the test statistic
at a significance level of a and degrees of freedom K; = m
-2and K> =mn-1)

— = 2
2 _ n. ZT:l(Eerj - EOerj) (14)
52 = m-—2
, 2 S (15)
Sl -
m

If the homogeneity of the variances is proven and the
regression equation is adequate, the process is considered
technologically stable. Its parameters are:

e  The regression equation for EOWW].

e  The mean variance

= 2
§2 _ ‘;'n=121i1=1(Eerij - z:owmrj) (16)
nm—-p)—1
e  The instantaneous scattering field

w=2K,.5 )

Once the stability of the process has been demonstrated,
its accuracy and calibration can be analysed.

The accuracy coefficient Kr is used to evaluate
accuracy.

W;
Ky = (1s)
Ty
where wy is the total scattering field resulting from the
combined effect of systematic and random factors;

T, — the tolerance for the length of the common
normal.

For a statistically stable process:

0r=o (19)

For technologically stable processes:

N 2
ws = |w?+ 3b? (; - 1) (20)

The accuracy coefficient must be within the following
range:

0,75 <Kr < 0,85 (21)

When K7y > 0,85, the process does not meet the
accuracy requirements.

When K7 < 0,75, there is an excess margin of accuracy.
In this case, cutting conditions can be intensified, or, for
technologically stable processes, more parts can be
machined with a single dimensional setting. Their number
Npax Will be:
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The tuning of the technological process is evaluated
using the tuning coefficient Ky:
€
Ky = —— (23)
" TWm
Where: ¢ is the tuning deviation.

For statistically stable processes:

= EWms + EWmi
&= EWmc - f

And in the case of technologically stable processes:

24

&= |E0er1 - EWadj.| (25)

Here, Ey,  and Ey,_. are the tolerance limits for the
mi
length of the common normal.

Ew, i~ the set value for the deviation from the
length of the common normal.

When adjusting the length of the common normal
during the manufacturing process:
EWadj. = Eymi + Wmes + Ky S (26)

and with a downward trend

@7

EWadj. = Ewms — Wmes. — KW“§

Where: @mes. is the measurement error in gear
inspection.

The manufacturing system is well-adjusted if Ky < 0.1
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Fig. 3. A scatter plot based on an analysis of the gear-cutting process for
a cylindrical gear with straight teeth
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The applicability of the described methodology has
been verified under production conditions. As an example,
one can cite the results of an analysis of the manufacturing
process for gear cutting of a cylindrical gear with straight
teeth. A scatter plot was constructed based on the
inspection results, shown in Fig. 3. The nature of the scatter
plot provides grounds for hypothesizing the technological
stability of the process. The machined parts were divided
into 5 conditional samples with a size of n = 3 parts. The
mean values Ewmn.]. and variances for all samples were

calculated. The Cochran criterion has a value of G =
0.2935. The tabulated value is Gy.g5; z = 0.6838. Since Gax
< G4 Kg, the variances are homogeneous [5]. The
regression equation is of the form:

Eowmrj = 214,5 — 71; (28)

In this case, s? = 234,07 and s? = 191,32 . The
Fisher’s F-statistic is F' = 1.2234. Its critical value is Fys:
310 = 3.41. Since F < F, ki, k2, the regression equation is
adequate.

The checks performed show that the process is
technologically stable. Its mean variance is $° = 159.87.
The dispersion range, with a 99.73% probability that the
part dimensions will fall within the specified limits and
with N =[5 measured parts, will be: w =

2.4,747.,/159,87 = 120um.

The total scattering cross section for the process with N
=[5 particles, w = 120 um, b = —7,and n = 3 is:

oz =129,43 um 29)

The adjustment coefficient will be:
129,43 (30)

H= gg 068

Since the process has a margin of accuracy, it is
possible to fine-tune or replace the tool after machining a
larger number of parts. This number is N, = 27 parts.

The adjustment value of the deviation from the
length of the common normal at @mes. = 19 pm is Eagj. = -

224 um. The theoretical value of the deviation for the first
sample is obtained from the regression equation Eyy, =

—221,5um, and the adjustment offset is ¢ = 2.5 um.

The adjustment coefficient is Ky = 2.5/190 = 0.013,
which indicates very good process adjustment.

ITII. CONCLUSION

A methodology for standardized statistical analysis
that enables precise control over manufacturing accuracy
in the production of gear wheels. By applying
mathematical stability criteria, the optimal time for
machine readjustment or tool replacement is determined,
thereby preventing the occurrence of defects. The main
benefit of the analysis is the ability to objectively and
thoroughly assess precision, which allows for an increase
in the number of parts processed per setup. This leads to
more efficient use of resources and optimization of
production modes without compromising the quality of the
gear meshing. The implementation of this approach
ensures high economic efficiency and stability of
technological processes in mechanical engineering.
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