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Abstract

At present, the fitting process of deep groove ball bearings has the problems of low manual
production efficiency and poor performance of fitted bearings. For the automatic bearing
fitting production line, there are some problems, such as a low success rate of fitting and
easy interruption of the production process. In this article, two grouping methods, the
equidistant grouping method and the equal probability grouping method, are proposed.
We establish a dimensional deviation distribution model by measuring the dimensional
deviation of deep groove ball bearing components. Using the bearing component dimen-
sional deviation distribution model, we carry out the equidistant grouping method and
the equal probability grouping method to fit the bearing component. And the influence
of the traditional bearing fitting method and the two grouping methods on the success
rate of deep groove ball bearing fitting is compared and analyzed. This research found
that the traditional bearing fitting method is easy to fall into local optimization, and too
many unmatched components which have a larger dimensional deviation lead to the in-
terruption of the fitting process. The success rate of the traditional fitting method is lower
than grouping methods. For the two grouping methods, the equal probability grouping
method can ensure that the probability of each group of components entering the automatic
production line is the same. Compared with the equidistant grouping method, it is easier
to make it possible to fit the bearing component. The equal probability grouping method
is recommended.

Keywords: deep groove ball bearing fitting; dimensional deviations; equal probability
grouping method

1. Introduction

The fitting process is the core to the rolling bearing production process. This process
has a great influence on the performance and longevity of the bearings [1]. It involves
grouping and fitting components such as inner rings, outer rings and balls according to
certain criteria. Bearing fittings are selected by accurately measuring the raceway diameters
of the inner and outer rings to ensure that their dimensions are within the specified
tolerances. After the bearing fitting is completed, the interval between the inner ring, outer
ring and ball, i.e., the clearance, is one of the important indexes of the bearing service
performance. The dimension and distribution of the clearance has a significant impact
on the smoothness of the bearing’s operation, noise level, load distribution and life [2—4].
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Therefore, the precise control of the bearing fitting selection on the system clearance is the
key to ensure the service performance and reliability of the bearings.

At present, the rolling bearing fitting process in many factories is still based on
manual sorting and fitting. However, this method causes high labor intensity and low
efficiency. Due to the inability to optimize the overall clearance selection, it is easy to
cause an unstable bearing quality and component waste [5,6]. Especially in the process
of fitting, due to the lack of cage isolation of the steel balls, balls easily collide with each
other, which leads to a larger fitting error. With the increase in the degree of automation of
bearing fitting technology, the modern assembly lines of some bearing companies have been
promoted [7-10]. At present, the traditional optimal selection method is commonly used
in current automated bearing assembly lines. On the one hand, it improves the fitting
accuracy. But on the other hand, it is easy to cause components with larger deviations to
remain in the waiting area for a long time [11]. As the automatic assembly line continues to
run, these larger deviations in components may gradually fill up the waiting area, which
ultimately leads to production interruption and affects the efficiency of the bearing fitting.

Several scholars have proposed innovative solutions to the bearing assembly opti-
mization problem. Wang [12] simulated the process of bearing fitting by computer and
selected the optimal combination to maximize the number of inner and outer ring fittings.
Liu [13] has improved the assembly process of deep groove ball bearings and angular
contact ball bearings by targeting the radial clearance, realized the group interchangeability
or full interchangeability of the bearing components, reduced the dispersion of the bearing
quality characteristic value, and made the rework products reduced significantly. Xu [14]
studied the rolling bearing selection optimization method with clearance and roller error
as constraints and the bearing assembly qualification rate as the objective to establish the
rolling bearing selection optimization algorithm based on the Hungarian algorithm. How-
ever, Xu did not put forward a solution for the large-volume component fitting method.
Kannan et al. [15] established a corresponding part selection model for the single-size chain
part selection problem with the minimum assembly tolerance as the optimization objective
and used the particle swarm algorithm to achieve the objective optimization. However, the
performance of the particle swarm algorithm is more sensitive to the parameters, and it is
easy to fall into the local optimum with improper parameter selection. Jeevanantham [16]
proposed a new hierarchical clustering method for group tolerance, which predicts the
accuracy of assembly variations by pre-fitting calculations. So, the assembly is able to
confirm the required clearance specifications and obtain a grouping method that satisfies
the clearance specification. Jia [17] addressed the difficulty of solving advanced tolerance
design problems using traditional optimization techniques, using genetic algorithms to
transform the nonlinear multivariate optimal tolerance design problem into a multimodal
solution space that can generate combinations. However, the parameters are highly sen-
sitive, and improper parameter selection does not optimize well and falls into a local
optimum. Cong [18] proposed a selective assembly method based on the genetic algorithm,
aiming to improve the assembly success rate and reduce the number of remaining com-
ponents by optimizing the grouping strategy and assembly process. Taking deep groove
ball bearings as an example, one first considers the tolerance range of the components,
sets the number of groups for different components, and then sets the upper and lower
tolerance limits for each group according to the tolerance range of the components. If
the measured tolerance is within the tolerance range of the group, the components will
be grouped until all components are allocated. Zmarzly [19] studied the measurement
method and measuring device of the radial internal clearance of rolling bearings to achieve
an accurate measurement of the radial clearance of bearings and provide basic data for
subsequent research on its relationship to the vibration level. Oswald [20] studied the
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influence of the internal clearance of rolling bearings on the load distribution and fatigue
life of deep groove ball bearings and cylindrical roller bearings under radial load. Fang [21]
studied and discussed the influence of internal clearance on the stiffness and stiffness
fluctuation of ball bearings under different working conditions. However, there are fewer
studies on large-scale bearing grouping, and there is generally a problem of falling into
local optimization, resulting in the actual production still adopting the traditional method.

Due to the increasingly widespread application of computer-aided manufacturing
technology, computer-aided selection has become a commonly used method in product
fitting processes [22,23]. Tuproposed an optimization method based on the genetic al-
gorithm for the selective fitting of valve products and verified the effectiveness of the
method through practical cases. Sun et al. [24] studied optimization methods for com-
plex mechanical assembly processes, combined with computer optimization for assembly
processes of gasoline engine systems with different levels of complexity, which improved
product quality and the assembly qualification rate. Ren et al. [25] studied the selection of
waveguide components in radar assembly under multiple quality requirements. Consider-
ing assembly accuracy and qualification rate, a unified selection information model with
multiple quality requirements in three-dimensional space has been established. This model
achieved optimization of waveguide components’ selection. Babu et al. [26] analyzed the
problem of selecting the number of assembly groups and used the Taguchi loss model to
calculate the deviation between assembly tolerances and the mean value. An Artificial
Immune System (AIS) algorithm was proposed to obtain the optimal combination with
the minimum assembly tolerance. Wang [27] and Geetha [28] used genetic algorithms to
minimize assembly tolerance changes in complex assemblies while avoiding the production
of residual parts. However, there is relatively little research on the selection and matching
of bearing fitting. So, this article proposes a grouping selection method for bearing fitting.

In response to the optimization selection problem of deep groove ball bearings, this
article uses a large amount of measured data on the dimensional deviation of the inner and
outer rings to perform normal estimation of the dimensional deviation and establish its
dimensional deviation distribution model. Based on the dimensional deviation distribution
model of the inner and outer rings of deep groove ball bearings, this paper proposes
two grouping methods for dimensional deviation: the equidistant grouping method and
the equal probability grouping method. The success rates of bearing fitting using two
grouping methods were compared and analyzed through computer simulation and bearing
fitting experiments.

2. Methodology and Theory
2.1. The Traditional Fitting Method

The radial clearance of the bearing after fitting is calculated by this formula:
G=D,—D;—2d (1)

where D, is the outer ring raceway diameter, D; is the inner ring raceway diameter and d is
the bearing ball diameter.

The commonly used bearing fitting equipment is used to precisely measure the di-
ameter of the inner and outer ring raceway of the bearing and then select the appropriate
dimension of the ball according to the required clearance range of the bearing fitting to
ensure that the radial clearance of the bearing after fitting is within the required clearance
range of the product.

The traditional fitting method is based on the waiting area of the outer ring. The
specific process is as follows: firstly, the first outer ring in the waiting area is matched
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with each inner ring and each group of steel balls. After the matching is completed, the
second outer ring in the waiting area is matched with each inner ring and each group of
steel balls in turn, and the process advances in this order according to this law. Assume
that the inner and outer rings each have 6 waiting area lanes and that there are 2 sizes of
steel balls. At this point, matching each set of outer rings to the inner ring produces 36 sets
of data. Further, matching 2 more sets of balls expands the data to 72 sets. Out of these
72 data sets, the set with the tolerance within the specified range and the value closest to 0
is selected, and the fitting operation is performed based on this set of data. The specific
process is shown in Figure 1.

Outer ring waiting area Inner ring waiting area Steel ball specification

(Assuming a total of 6 ) (Assuming a total of 6 ) (Assuming a total of 2)

Figure 1. The traditional fitting method.

However, there are obvious drawbacks to this method. Due to the obsession with
finding the optimum clearance value, bearing components with larger dimensional devia-
tions remain in the waiting area for long periods of time, making it difficult to match them
with the right components. This situation may directly lead to interruptions in the fitting
process, affecting the overall production efficiency and increasing the uncertainty cost of
the production process.

2.2. Equidistant Grouping Method for Bearing Component Dimensional Deviation

The core idea of the equidistant grouping method for bearing component dimensional
deviation is to evenly divide the inner and outer rings of the bearing into n groups according
to the dimensional deviation spacing. The inner ring in group i corresponds to the outer
ring in group i,i = 1,2,...,n. In the process of fitting, as long as there are inner and outer
ring components with the same group number, the components can be selected and fitted.
Regardless of the dimensional deviation of the inner and outer rings, it can be ensured that
the clearance after fitting meets the production clearance standards.

Due to the fact that the diameter tolerance of the balls in actual products is generally
smaller than the diameter tolerance of the inner and outer rings of bearings, this article
mainly focuses on the selection and grouping method of the diameter tolerance of the
inner and outer rings of deep groove ball bearings to ensure that the radial clearance
meets the product requirements during bearing fitting. The deviation range of the inner
and outer raceway diameter of deep groove ball bearings produced in the same batch
basically follows a normal distribution, and the upper and lower deviations are basically
symmetrical relative to the zero point. However, the clearance value standard for deep
groove ball bearings is basically positive clearance, and the clearance value range is not
symmetrical the zero point, causing inconvenience in grouping the inner and outer rings of
the bearing.
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Assuming the clearance value range of a certain bearing is G, Gmax], the overall
size deviation range of the outer ring of the bearing is [D,;;, Dout], and the overall size
deviation range of the inner ring is [D;j;, D). Ignoring the ball deviation in Formula (1)
can obtain

Gmin < Dot - Dit < Gmax (2)

where Dy, is the outer ring tolerance, and Dj; is the inner ring tolerance.

For the equidistant grouping method of dimensional deviation, in order to ensure
that the inner and outer rings can meet the required clearance range after fitting, when
grouping the inner and outer rings of the bearing, Formula (2) can be obtained as follows:

Gmin < Doyt — Ditl < Gmax (3)

where D, is the overall outer ring upper tolerance, and D4 is the inner ring tolerance of
the first group. Due to the known value of D, the range of tolerance for the first group of
the inner rings can be obtained as follows:

Gmin_Dout < _Ditl < Gmax—Dout (4)
Dout_Gmin > Ditl > Dout - Gmax (5)
Diyt > Dinn > Djn (6)

In actual production, the value of Dyt —G,i, may not be equal to Dj,; but rather may
be bigger than D;,;;. The first group of the bearing inner ring is [Gjj;1, Gy, the theoretical
inner ring grouping width is Wj; = G;; — Gjj;1 and the theoretical grouping number can
be calculated as follows:

(Diut — Dyigt) _ (Diut — Di)

" Wi (Djut — Din)

However, n;; is not necessarily an integer. In order to ensure that the clearance meets
the requirements, it is necessary to improve the grouping accuracy and increase the number
of groups. The actual number of groups #; is n;; rounded up.

For the outer ring component of the bearing, Formula (7) can be obtained from
Formula (1) as follows:

Gumin < Dort — Ditp < Ginax 8)

where D, is the outer ring tolerance of the first group, and Djj; is the overall inner ring
lower tolerance. Due to the known value of D;j;, the range of tolerance for the first group
of the outer rings can be obtained as follows:

GmintDiit < Dot < Gmax+Dijy )

In actual production, the value of G,,;,+D;j;; may not be equal to D,};, but rather may
be smaller than D,;;. The first group of the bearing outer ring is [D,j;, Dyy1], the theoretical
outer ring grouping width is Wyt = D1 — D,y and the theoretical grouping number can
be calculated as follows:

(Dout - Dolt) (Dout - Dolt)

o Wot (Doutl - Dolt) ( )

Similarly, 1, is not necessarily an integer. In order to ensure that the clearance meets
the requirements, it is necessary to improve the grouping accuracy and increase the number
of groups. The actual number of groups n, is n,; rounded up.
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If n, = n;, then the number of groups is n = n, = n;. If n, # n;, then the number of
groups is the lager one of 1, and n;, that is n = max(n , n;). As shown in Figure 2, the
actual grouping width is as follows:

(Diut — Dirg)

Wo = T (11)

Wi — (Diut ; Dili) (12)

Outer ring
- £ tolerance band

Figure 2. Equidistant grouping tolerance band.

2.3. Equal Probability Grouping Method for Bearing Component Dimensional Deviation

The core idea of the equal probability grouping method for bearing dimensional devi-
ation is to group the inner and outer ring dimensional deviations that meet the clearance
requirements after fitting into n groups based on the probability of occurrence. The upper
and lower limits of the dimensional deviation of each bearing component are obtained by
dividing the probability density function curve of the overall bearing dimensional devia-
tion into equal areas. The inner ring in group i corresponds to the outer ring in group i,
i=1,2,...,n. Inthe process of fitting, as long as there are inner and outer ring components
with the same group number, the components can be selected and fitted.

Similar to equidistant grouping method, assuming the clearance value range of a
certain bearing is [Gin, Gmax], the overall size deviation range of the outer ring of the
bearing is [G,j;, Gout] and the overall size deviation range of the inner ring is [Gj;, Giyl.
Ignoring the ball deviation in Formula (1) can obtain

Gmin < Dot - Dit < Gmax

where D, is the outer ring tolerance, and Dj; is the inner ring tolerance.

In order to ensure that the inner and outer rings can meet the required clearance range
after fitting, when grouping the inner and outer rings of the bearing, Formula (2) can be
obtained as follows:

Gmin < Dout = Dipn < Gmax
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where D,y is the overall outer ring upper tolerance, and D4 is the inner ring tolerance of
the first group. Due to the known value of Dy, the range of tolerance for the first group of
the inner rings can be obtained as follows:

Gmin_Dout < _Ditl < Gmax—Dout

Dout_Gmin > Ditl > Dout - Gmax
Djyt > Dinn > Din

In actual production, the value of Dyt —G,;;, may not be equal to Dj,;, but rather
may be bigger than D;,;. The first group of the bearing inner ring is [Djj1, Djy], and
the theoretical inner ring grouping width is Wy = D;,;; — Dj;;1. However, for the equal
probability grouping method, the overall integrated area S; and the first group width
integrated area S;; are calculated based on the probability density function curve of the
overall dimensional deviation of the bearing inner ring. The theoretical number of groups
for the equal probability grouping method is as follows:

S.
njy = 5*11 (13)
1

Nevertheless, n;; is not necessarily an integer. In order to ensure that the clearance
meets the requirements, it is necessary to improve the grouping accuracy and increase the
number of groups. The actual number of groups n; is nj; rounded up.

Similarly, for the outer ring component of the bearing, Formula (7) can be obtained
from Formula (1) as follows:

Gmin < Dotl - Dilt < Guax

where D, is the outer ring tolerance of the first group, and Djj; is the overall inner ring
lower tolerance. Due to the known value of D;j;, the range of tolerance for the first group
of the outer rings can be obtained as follows:

Gmin+Dilt < Dotl < Gmux"'Dilt

In actual production, the value of G,,;,+D;j;; may not be equal to D,;;, but rather may
be smaller than D,;. The first group of the bearing outer ring is [D,;;, Dyyu1], and the
theoretical outer ring grouping width is Wy; = Dy,s1 — D, Now, for the equal probability
grouping method, the overall integrated area S, and the first group width integrated
area S,; are calculated based on the probability density function curve of the overall
dimensional deviation of the bearing outer ring. The theoretical number of groups for the
equal probability grouping method is as follows:

So
= — 14
Not Su1 (14)

Similarly, n,; is not necessarily an integer. In order to ensure that the clearance meets
the requirements, it is necessary to improve the grouping accuracy and increase the number
of groups. The actual number of groups n, is 1,; rounded up.

If ny = n;, then the number of groups is n = n, = n;. If n, # n;, then the number of
groups is the larger one of 1, and n;, thatis n = max(n ,, n;). The actual grouping width is
determined by dividing the probability density function curve of the dimensional deviation
of the inner and outer rings into equal integral areas based on the number of groups, as
shown in Figure 3.
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Figure 3. Equal probability tolerance band.

2.4. Ball Compensation Adjustment Mechanism

In the fitting process, the ball is the component used to fill the inner and outer rings of
bearings, and the dimension directly affects the clearance. There are seven specifications for
balls: —8, —4, —2,0, 2, 4, 8 um. During the grouping process, due to the normal distribution
of the component dimension, the number of samples at both ends of the probability density
curve significantly decreased. To ensure that components with extreme deviation values
can participate in the fitting operation, it is usually necessary to expand the tolerance range
of the first groups. However, this may result in a clearance deviation of the components
within the group exceeding the process specification requirements after fitting. By selecting
balls of different specifications, the clearance can be dynamically adjusted. The clearance
value of the bearing after fitting can be obtained using Formula (1). If the clearance after
fitting exceeds the specified clearance range, the ball should be replaced to ensure that the
adjusted clearance meets the requirements.

3. Experiment
3.1. Experimental Equipment

As shown in Figures 4 and 5, the intelligent deep groove ball bearing assembly
line built on this experimental platform adopts a modular linear layout. The system
integrates some core modules such as the inner and outer ring loading unit, the high-
precision automatic inspection unit of the inner and outer ring end surface diameter,
the automatic inspection unit of the raceway diameter, the dynamic sorting device, the
intelligent automatic fitting device, and the clearance detection device/vibration detection
device. The assembly line machine is distributed along a straight-line layout, except that the
semi-automatic manual loading link requires manual intervention. The rest of the process
moves through the industrial bus to achieve the whole process of closed-loop control and
to ensure the synchronization of data acquisition and process execution.
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Figure 5. Intelligent assembly pipeline structure diagram of bearing assembly.

Before the measurement begins, the contact sensor needs to be calibrated to ensure
measurement accuracy. The calibration process is carried out using standard bearing
components of known dimensions, and the system automatically calibrates the zero point
and the range of the sensor. The bearing component enters the fitting system after the
inner/outer diameter end height detection. After entering the fitting machine, the bearing
component passes through the contact sensor to measure the component raceway diameter
value, as shown in Figure 6. When measuring, the sensor probe moves outward to contact
the raceway wall of the component, and the three probes of the contact sensor obtain the
diameter data of the component through three-point measurement. The contact sensor is
based on the inductive displacement detection principle, through the constant probe scan-
ning measurement along the groove bus. It can achieve the inner and outer ring raceway
dimension of real-time acquisition. After the measurement of the raceway diameter value,
the inner and outer ring dimensional deviation data is constructed through independent
dual-channel storage architecture to form a data set, which provides data support for the
subsequent small-sample sampling estimation and equal probability split set. Then, the
components enter the waiting area of the inner and outer raceway, respectively. Later, group
selection is carried out in the waiting area, as shown in Figure 7. After group selection,
the inner and outer ring components enter the ball loading area, and the system adjusts
the bearing clearance according to the value of the component raceway diameter, the ball
specifications and the production specified clearance to ensure that the bearing clearance is
in the range of the production specified clearance.

Figure 6. Contact measurement sensor.
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Figure 7. Waiting area physical map.

3.2. Experiment Process

This experiment compares the differences of the number of successful fittings and the
continuity of the production line between the traditional matching method, the equidistant
grouping method and the equal probability grouping method.

The deep groove ball bearing which is used in this experiment is 6210. The range
of radial clearance is [6 um, 23 pm]. Before the experiment, clear the components in the
waiting area of the assembly line, and write the execution programs of equidistant grouping
and equal probability grouping methods into the controller of the fitting equipment. Use
those two grouping methods for fitting experiments, respectively. The dimensions of
3000 sets of 6210 deep groove ball bearing components used in the experiment have
been measured. The distribution model is constructed by fitting the normal distribution.
According to the distribution model of the inner and outer ring dimensional deviation and
grouping method, the number of equidistant grouping and equal probability grouping
methods is calculated. The number of equidistant groupings is 10, and the number of
equal probability groupings is 11. If the clearance exceeds the allowable range after the
fitting, the dynamic ball compensation adjustment mechanism will be triggered, and
the adjacent balls will be replaced until the clearance is qualified. For each experiment,
3000 sets of deep groove ball bearing components will be put into the production line for
fitting experiments. Record the number of successful fittings and the remaining components
in the waiting area with different fitting methods in real time. Count the number of fitted
bearings and the group number of unmatched components in the waiting area when
production is suspended and analyze the balance of unmatched components.

4. Results and Discussion
4.1. Distribution Model of Bearing Components Dimensional Deviation

For the machining deviation of the outer and inner raceway dimensions, the normal
distribution parameters can be estimated by collecting multiple bearing components” diam-
eter data. The assembly line has recorded several diameters of inner and outer rings which
were fitted on. Statistical analysis was conducted on the dimensional deviation of the inner
and outer rings of 3000 bearings, and the results are shown in Figure 8.

Normal distribution fitting was performed on 3000 groups of outer and inner ring
dimensional deviation which was collected by the assembly line. The calculated outer ring
dimensional normal distribution parameters are yip, = 13.22, op, = 12.07. The calculated
inner ring dimensional normal distribution parameters are y p; = —16.60, op, =10.46, where
u is the mean value, and ¢ is the standard deviation.
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Figure 8. Distribution model of inner and outer rings” dimensional deviation (a) outer rings (b) inner rings.

4.2. Comparison of Two Grouping Methods

The outer ring raceway diameter dimensional deviation range is
[Doip = —40 pm, Doyt = 44 pm]. The inner ring raceway diameter dimensional deviation
range is [Dj; = —54 um, D;,;; = 30 um]. The clearance range of the 6210 deep groove ball
bearing is [G;i; = 6 pm, Gyay = 23 pm].

Calculated by the equidistant grouping method, for the inner ring component, it can
be obtained from Formula (9) that 38 > Dj;; > 21, and the theoretical grouping width
Wit = Gyt — Gjip = 30 — 21 = 9. Then, the theoretical grouping number n;; = W =9.3,
and the actual grouping number n; =10. Similarly, for the outer ring component, it can be
obtained from Formula (11) that —48 < D,,;1 < —31, and the theoretical grouping width
Wot = Doyt — Doit = 9. Then, the theoretical grouping number 7,; = % =9.3,and
the actual grouping number n; =10. So, the grouping number of the equidistant grouping

method is 10. The grouping is shown in Table 1 and Figure 9.

Table 1. Equidistant grouping interval of each group.

Groups Outer Ring Interval (um)  Inner Ring Interval (um)
Group 1 [—40.0, —31.6) [—54.0, —45.6)
Group 2 [—31.6, —23.2) [—45.6, —37.2)
Group 3 [—23.2, —14.8) [-37.2, —28.8)
Group 4 [—14.8, —6.4) [—28.8, —20.4)
Group 5 [—6.4,2.0) [—20.4, —12.0)
Group 6 [2.0,10.4) [—12.0, —3.6)
Group 7 [10.4,18.8) [—3.6,4.8)
Group 8 [18.8,27.2) [4.8,13.2)
Group 9 [27.2, 35.6) [13.2,21.6)
Group 10 [35.6, 44.0] [21.6, 30.0]

@) (b)

Normal Distribution Curve [

0035 / \ 004 | 2\

Normal Distribution Curve

0.035 0

2
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b

e
°
I}
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Figure 9. Equidistant grouping method diagram (a) Outer ring equidistant grouping (b) Inner ring
equidistant grouping.
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Calculated by the equal probability grouping method, for the inner ring component, it
can be obtained from Formula (9) that 38 > D;;q > 21, and the theoretical first grouping
width Wi = Gjyr — Gijin = 30 — 21 = 9. The number of the grouping can be calculated
from the proportion of the first group width integral area size to the total probability
density curve integral area size. Then, the theoretical grouping number n;; = Ss—l’l = 10.6.
The actual grouping number n; = 11. Similarly, for the outer ring component, it can be
obtained from Formula (11) that —48 < D,,;1 < —31, and the theoretical grouping width
Wot = Dout1 — Doip = 9. The number of groupings can be calculated from the proportion of
the first group width integral area size to the total probability density curve integral area
size. Then, the theoretical grouping number 1, = v 4. So, the final grouping number
n = max(n ,,n;) = 11. The grouping is shown in Table 2 and Figure 10.

Table 2. Equal probability grouping for each grouping range.

Groups Outer Ring Interval (um)  Inner Ring Interval (um)
Group 1 [—40.0, —2.7) [—54.0, —30.5)
Group 2 [-2.7, —3.5) [—30.5, —24.2)
Group 3 [3.5,7.5) [—24.2, —21.3)
Group 4 [7.5,10.5) [-21.3, —19.0)
Group 5 [10.5, 13.0) [-19.0, —16.6)
Group 6 [13.0, 15.4) [-16.6, —14.5)
Group 7 [15.4,18.0) [—14.5, —12.5)
Group 8 [18.0, 20.8) [-12.5, —10.5)
Group 9 [20.8, 23.8) [—10.5, —8.3)
Group 10 [23.8,27.8) [—8.3, —5.1)
Group 11 [27.8, 44.0] [—5.1, —29.8]
(a) (b)
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Figure 10. Equal probability grouping diagram (a) Outer ring equal probability group (b) Inner ring
equal probability grouping.

Although each group of equidistant grouping method meets the clearance range, the
probability of each group entering the fitting line is different. For example, the probability
of the outer ring dimensional deviation group 7 is 27%. However, the probability of the
outer ring dimensional deviation group 10 is 3%. When components with low probability of
occurrence enter the fitting line, it is difficult to encounter components with the same group
number entering the fitting line for assembly. This situation will cause the accumulation
of bearing components in the waiting area of the fitting line and eventually lead to the
termination of the fitting process.

While there are some dimensional deviations between the first group and the last
group of components with the equal probability method that may not meet the clearance
range, the ball compensation adjustment mechanism can be carried out during the fitting
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process. The equal probability grouping method can ensure that each bearing component
group has the same probability of occurrence. There will be no component accumulation in
the waiting area to ensure the continuous fitting process.

4.3. Experimental Analysis of Fitting Quantity

According to the comparison of the fitting quantity with the two grouping meth-
ods in Figure 11, the fitting quantity with the equidistant grouping method is 2403, and
the fitting quantity with the equal probability grouping method is 2953. It is shown in
Table 3 that for the equidistant grouping method, the components in the waiting area at
the time of the fitting process termination were five components from the 10th group of
the outer ring, while there were no components from the 10th group of the inner ring,
resulting in production termination. However, for the equal probability grouping method,
the components in the waiting area of the inner and outer ring were evenly distributed
when the fitting process was terminated. Not only that, but even the number of groups
with the equal probability grouping method is more than the number with the equidis-
tant grouping method, and the number of successful fitting components with the equal
probability grouping method is larger than that with the equidistant grouping method.
It is shown that the component distribution of the equal probability grouping is more
balanced, which reduces the process termination caused by an insufficiency of same group
components. Thus, the equal probability grouping method can achieve a higher number of
successful fittings.

3000

25000

Number of single sets
— N
W [
(= S
(=] (=]
T T

—
(=3
(=3
S
T

500

Equal probalility Equidistant

grouping fitting grouping fitting Traditional fitting

Figure 11. The number of successful fittings with two grouping methods.

Table 3. The remaining components in the waiting area after the fitting termination.

Method Remaining Components in the Waiting Area

Equidistant

Equal probability

Outer ring components
[9, 10, 8, 8,10, 10,10,1,6,3,1,1,3,1,10, 9]
Inner ring components
[5,4,7,2,7,5,5,4,5,4,2,7,2,2,7,4]
Outer ring components
[6,6,5,7,6,55,11,11,11,5,1,7,7,6, 1]
Inner ring components
[8,3,3,810,8,4,2,9,4,4,3,2,2,10, 4]
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4.4. Future Research Direction

As mentioned above, the dimensions of 3000 sets of 6210 deep groove ball bearing
components used in the experiment were measured before the fitting process. The distribu-
tion model was constructed by using these bearing component dimensions’ measurement
data. However, in actual production, it is impossible to measure all bearing component
dimensions before the fitting process. This is a limitation of this method. In future research,
a real-time measurement and dynamic modeling method should be developed to integrate
the equal probability grouping method.

5. Conclusions

In this paper, two grouping methods of bearing component dimensional deviation
distribution, equidistant and equal probability, were proposed to solve the problem that
large quantities of deep groove ball bearing fitting selections are easy to fall into a local
optimal solution and cause the process to be easily terminated. The two grouping methods
were compared and analyzed, and the conclusions are as follows:

1. The traditional fitting methods tend to fall into local optimal solutions when searching
for the optimal clearance, and the clearance of the produced bearings is concentrated
in the optimal clearance zone. As a result, components with large dimensional
deviations remain in the waiting area, and the success rate of bearing fitting is low,
which ultimately leads to the interruption of the production process.

2. By dividing the dimensional deviation of the inner and outer rings of bearings into
fixed intervals, the clearance of each group after fitting can meet the process specifi-
cation. However, the uneven distribution of the component occurrence probability
leads to the low occurrence probability group bearing component (for example, the
first or last group of bearing components is less than 5%) being easy to accumulate
in the waiting area, causing a high risk of fitting process termination. Through ex-
perimental verification, the success rates of traditional fitting methods, equidistant
grouping methods and equal probability grouping methods are 72.9%, 80.1% and
98.4%, respectively. The success rate of both grouping fitting methods is higher than
the traditional fitting methods. However, the success rate of the equidistant grouping
method is only 7.2% higher than the traditional grouping method.

3. The equal probability grouping method is based on the dimensional deviation dis-
tribution model for the probability equilibrium division to ensure that each group
has the same probability of occurrence in the fitting process and effectively avoids
the problem of component accumulation. Although the initial clearance of the first
and last groups may exceed the limit due to the extreme dimensional deviation, the
clearance can be adjusted to the qualified range in real time through the ball dynamic
compensation mechanism (such as changing the steel ball specification), taking into
account the production continuity and assembly accuracy. Among the two grouping
fitting methods, the equal probability grouping method has an 18.3% higher success
rate in fitting than the equal spacing grouping method. The equal probability group-
ing method can significantly improve the fitting success rate of the deep groove ball
bearing. It is a recommended fitting method to use in the deep groove ball bearing
fitting process.
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