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ABSTRACT

The article presents a synthetic, comparative overview of wheel bearing solutions in motor vehicles, comparing
the classic arrangement of two single-row rolling bearings, positioned opposite each other, with a third-generation
combined bearing hub. A mathematical model of the dimensional chain was developed and discussed in detail,
and tolerance equations determining the longitudinal clearance of a double-row tapered roller bearing assembly
were derived. This solution is being implemented in production at FLT Krasnik S.A., which gives the analysis an
applied character. Based on the tolerance sum equation, the allocation of tolerances for individual links was carried
out for two strategies: total interchangeability and partial interchangeability, with an assumed risk level of less than
0.01%. It has been shown that the use of partial interchangeability allows for a nearly threefold extension of the
permissible manufacturing tolerances without violating the functional requirements, which in practice eliminates

the need for selective component selection.
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INTRODUCTION

The design of automotive wheel bearing
nodes is undergoing a process of continuous
improvement. The development of automotive
wheel bearings is linked to the need to reduce pro-
duction costs as well as to adapt products to mar-
ket needs. The market needs high-quality prod-
ucts that will fulfil their purpose for a well-de-
fined period of time. These products must offer
increasingly better performance characteristics
(compactness in the longitudinal and transverse
directions, low unsprung weight, high rigidity,
low friction resistance) at lower module manufac-
turing costs [1-3]. On the other hand, auto man-
ufacturers are striving to simplify and automate
assembly, which reduces time and cost and limits
the possibility of errors on assembly lines.

The classic design of an automotive wheel
hub bearing junction is the use of two single-row,
tapered roller bearings or angular contact ball

bearings arranged oppositely to each other. The
great advantage of using single-row bearings
is their low purchase cost when replacement is
required. Replacement itself, however, is highly
labour-intensive and requires a large amount of
service equipment for dismantling and mount-
ing the bearings themselves, as well as for
determining the axial clearance of the bearing
pair. To make it easier to determine the correct
axial clearance of a bearing pair, manufacturers
have introduced a special bearing nut (Figure
1). This nut, thanks to its design, ensures that
the bearing pair can be tightened to the correct
torque without using a torque spanner or know-
ing the torque value [4]. The evolution of auto-
motive wheel hub bearings has led to the design
and technology of successive generations of
highly integrated combined automotive hubs.
These are now widely used and are gradually
displacing the classic methods of automotive
wheel bearing [5].
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Figure 1. Special bearing nut

The first-generation unitised hub (Figure 2),
is a fundamental design solution that played a key
role in the development of automotive chassis sys-
tems. Although now superseded by more advanced
technologies, its simplicity and functionality, pro-
vided the starting point for later innovations.

Second-generation bearing hubs (Figure 3)
have introduced significant advances in vehi-
cle driveline design. Responding to the need for
increased durability and simplified design, they
integrated key components into a single module.
Their introduction was a milestone in the develop-
ment of automotive technology, allowing for great-
er reliability and lower operating costs. A main fea-
ture of the second-generation hubs was the integra-
tion of the bearing into the wheel hub, eliminating
the need for separate assembly components.

Third-generation bearing hubs (Figure 4) rep-
resent the pinnacle of evolution in vehicle chas-
sis design. Through the integration of advanced
technologies, such as safety system sensors,
and optimised design, they offer improved reli-
ability, performance and safety. It is a solution
that sets the standard for modern motoring. The
main innovation of the third-generation hubs is
the integration of the bearing into the hub hous-
ing and the mounting flange for the brake disc or
drum. This makes the hub a finished module that
can be directly fitted to the vehicle. These hubs
are lubricated for life and have a defined and set
clearance, have high rigidity and an optimised
design that contributes to a lighter system weight.
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Figure 2. First generation combined hub

They are successfully suitable for non-driven as
well as driven wheel bearings.

This change in hub design has been made
possible in particular by developments in man-
ufacturing technology as well as in measuring
equipment that allows the set geometric toleranc-
es to be checked [6]. The measuring instruments
used today can differ significantly. The manufac-
turer often uses measuring instruments dedicated
to a specific product, dimension or parameter to
control its products. The customer, on the other
hand, increasingly uses CMMs to inspect deliver-
ies. The results obtained on different instruments
or measuring devices do not always give the same
values [7]. It is, among other things, the different
measurement techniques that have forced design-
ers to use an unambiguous language describing
the designer’s expectations, forcing the technol-
ogist to select an appropriate measurement tool
or strategy. This is why the ISO GPS series of
standards, the Geometric Product Specification
System, was developed. It is a type of language
that effectively communicates between the con-
structor, technologist and metrologist as well as
the manufacturer and customer [8,9]. An example
of the use of ISO GPS standards is shown in the
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Figure 3. Second generation combined hub

Figure 4. Third generation combined hub

assembly drawing of a 3rd generation combined
bearing hub (Figure 5). Each of the wheel bearing
solutions, requires the correct mounting clamp
to be set. With the classic solution, this was set
by the person who assembled the bearings. The
clearance was adjusted by tightening the nut
to the correct torque. In the case of combined
hubs, this clearance is set by the manufacturer

by correctly setting the tolerances of the com-
ponent links. Instead of a nut, a shaft clinching
system is increasingly used, which is a cheaper
solution and also reduces the weight of the hub
[10]. The clamping of the bearing ring realised by
shaft clinching technology is in some cases better
than that using a nut [11]. However, the literature
does not provide exact values for the bearing pair
preload to be set [12]. The correct setting of the
preload has an impact on bearing life [13,14] and
affects the vibration characteristics of the assem-
bly [15]. For 3rd generation combined bearing
hubs, the dimensional and geometrical tolerance
of the raceways and rolling elements comprising
the hub have the greatest influence on the clamp-
ing tolerance [16]. There are no studies in the lit-
erature of mathematical models of the dimension-
al arrangement of the components that affect the
value and clamp tolerance of bearing hubs.

MATHEMATICAL MODEL OF AXIAL
CLEARANCE TOLERANCE FOR THIRD-
GENERATION COMBINED BEARING HUBS

Due to the increasing demand for quality
products, tolerance design has become a very
important issue in product and process devel-
opment [17]. The correct manufacture of the
components that make up a combined automo-
tive hub with a double-row tapered roller bear-
ing ensures that the expected axial clearance
is achieved. Like every parameter, clearance
also has its tolerance. The smaller the tolerance
value, the more likely it is that the properties of
the hubs produced by a given production pro-
cess will be at the same level. One method of
tolerance analysis is worst-case analysis (total
interchangeability) [18]. This method ensures
that the manufactured parts are properly assem-
bled. Using this method results in the need for
tight tolerances and generates high production
costs [19-21]. To ensure the correct selection
of components in the bearing industry, selection
interchangeability is very often used. Unfor-
tunately, this method entails many difficulties,
such as the need for accurate measurements,
difficult assembly and storage of grouped parts
[22,23]. Due to the reduction of manufactur-
ing costs, manufacturers are increasingly using
partial interchangeability (statistical toleranc-
ing) instead of selection interchangeability.
This method allows component tolerances to
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Figure 5. Third generation bearing hub using a double-row tapered roller bearing design: 1 — outer flange ring,
2 —inner flange ring, 3 — inner ring, 4 — rolling element, tapered roller, 5 — flared flange of inner flange ring

be increased and allows the probability of cor-
rect assembly to be calculated [24-26]. Man-
ufacturers are increasingly using partial inter-
changeability instead of selective interchange-
ability due to cost reduction and technological
progress. Partial interchangeability was also
decided upon during the commissioning of the
combined bearing hub at FL T Krasnik S.A. This
will make it possible to realise statistical control
of the manufacturing process and reduce control
and measurement activities. In order to correct-
ly determine the tolerance values, it is necessary
to know the dimensional chain in detail and to
determine the influence of the component link
tolerance on the closing link tolerance. The
dimensional chain case of a combined hub using
a double-row tapered roller bearing is shown in
Figure 6. The diagram for the dimensional anal-
ysis consists of the following component links
and their numerical values:
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Az — outer flange ring raceway spacing —
27.714 mm,

DBzl — diameter of the right raceway of the
outer flange ring — 76.903 mm,

al — angle of right raceway of outer flange
ring — 22°30°,

DBz2 — diameter of the left raceway of the
flange outer ring — 76.903 mm,

a2 — left hand race angle of outer flange ring
—22°30°,

DBwl — diameter of the inner flange ring race-
way — 58.754 mm,

@1 — inner flange ring raceway angle — 17°,
DWs1 — average diameter of the right-hand
conical roller — 9.6415 mm,

Bl — angle of the right-hand conical roller
forming — 2°45°,

Lop1 —position of the auxiliary raceway of the
inner flange ring — 29.201 mm,

dp — diameter of the hole of the inner ring —
50 mm,
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Figure 6. Dimensional diagram of a third generation combined bearing hub

h_DBwl — position of inner ring raceway —
22.887 mm,

DBw?2 — diameter of the inner ring raceway —
58.755 mm,

@2 — angle of the inner ring raceway — 17°,
DWs2 — mean diameter of the tapered roller —
9.6415 mm,

2 — angle of the left—hand conical roller form-
ing —2°45°,

Lop?2 — position of the auxiliary raceway of the
inner ring — 17.659 mm,

h_DBw2 — position of inner ring raceway —
11.343 mm,

dw — outer diameter of the flange ring used to
attach the tapered inner ring — 50 mm.

Since, for the presented scheme, in prac-
tice, the diameter measurements (DBz1, DBz2,
DBwl, DBw2, DWsl, DWs2) of the hub ecle-
ments are taken at specific heights (4z, h_DBwl,
h _DBw2), the diametric dimensions projected
onto the vertical axis (Figure 7) will be used for
the calculations.

The dimensional chain shown in Figure 7 can
be written as an Equation 1:

dp _dw DBw2 _
2 2 2
—Dws2 cos(a2 — B2) — L—gz +
DBz2 . DBzl DBwl (1)
+ - —
2 2 2
Lrl
—Dws1cos(al — 1) — - = 0

The closing link is the radial clearance Lr,
which is the sum of the radial clearances Lr1 and
Lr2. The hub clearance is also affected by the
positions of the flange inner ring auxiliary race-
ways and the inner ring auxiliary raceway. To
simplify the calculations for the chain, only the
change in auxiliary raceway position values will
be introduced. The effect of changing the position
of the auxiliary raceway on the radial clearance is
shown in Figure 8.

The effect of changing the position of the aux-
iliary raceway on the radial clearance (Lr) can be
written according to relation (2):

0.5 L7 g10p = ALop(tga —tgp)  (2)

The reduction of radial clearance resulting
from the interference fit between the bore of the

ir2/2
DWs2*cos(a2—fR)

DBw2/2

dp/2| |dw/2

DBz2/2

Lri/2
DWs1*cos{ad—p1)

DBz1/2
DBw1/2

Figure 7. Schematic of the dimension chain
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Figure 8. Effect of changing the position of the auxiliary raceway on the clearance of the combined bearing hub

Notes: Lo — axial clearance, Lr — radial clearance, o — flange outer ring race angle, ¢ — inner ring race angle,
ALop — changing the position of the auxiliary raceway

tapered inner ring (dp) and the outer diameter of
the flanged inner ring (dw), must also be taken
into account in the calculation. The enlarge-
ment of the raceway diameter of the inner ring
can be approximated to approximately 80% of
the value of the compression [27] or calculated
from the formulae [28]. For practical reasons
and because the ring is an asymmetrical compo-
nent with a variable cross-section, it was decided
to carry out the test on a three-piece sample. For
this purpose, the measured rings were assembled
and then the flange was rolled out (Figure 9).

As a result of the measurements, it was found
that the change in the dimension of the inner ring
main raceway was ~75% of the indentation value
between the ring bore and the outer diameter of
the inner flange ring (Table 1). The measurements
were carried out using a Leitz PMM 12.10.07
coordinate measuring machine (Figure 10) for
which the maximum permissible error (MPE) is
EO0 MPE=0.6+L/600.

Taking this into account, the chain equation
for hub radial clearance can be written according
to Equation 3:

05Lr — DBz1 + DBz2 _ DBw1 _
2 2 2
—Dws1 cos(al — 1) — DBZWZ —

—Dws2 cos(a2 — 2) + tgaldLopl — (3)
—tgplALopl + tga2ALop?2
0.75dp — 0.75dw

2

—tgp2ALop2 +

As the axial clearance (Lo) is measured for
tapered roller bearings and knowing that the
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relationship between clearances is represented by
Equation 4:

0.5Lr
Lo

= tga “4)

Figure 9. Flanged inner ring with the inner ring
pressed in and the flange rolled
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Table 1. Results of the measurements of inner ring raceway dimensional changes due to the interference fit

Racewa Racewa Changin Change in the
. Bore diameter . ay ) ay ) ging dimension of the
Shaft diameter . . dimension dimensions Interference fit raceway ) .
of the inner ring ) . . raceway in relation to

before pressing | when pressed dimensions ) )

the interference fit
mm mm mm mm mm mm %
50.0088 49.9933 58.7507 58.7625 0.0155 0.0118 76
50.0146 49.9913 58.7546 58.7718 0.0233 0.0172 74
50.0319 49.9937 58.7539 58.7823 0.0382 0.0284 74

The dimension chain equation for longitudi-
nal play can be written as follows (5):

Lo=N = DBz1 + DBz2 _ DBw1 _
2tgal 2tga? 2tgal
__Dws1 cos(a1-£1) +ALOp1 _
tgal
_ ALopltge1l _ DBw?2 _
tgal 2tga? (5)
__Dws2 cos(a2—£2) +ALOp2 _
tgaz
ALop2tge2  0.75dp — 0.75dw 0
tga? 2tga? -

Calculation of component dimension
tolerances for overall interchangeability

In order to formulate an equation describing
the total tolerance, it is necessary to determine
the partial derivatives with respect to each vari-
able appearing in the dimensional chain equation
for longitudinal clearance. However, it should
be noted that this approach may lead to an over-
estimation of the impact of certain variables on
the final result. A particular difficulty is the con-
sideration of angular tolerances of the raceways
and their impact on the value of the axial clear-
ance of the hub. Angular tolerances are values
selected from the standard depending on the
bearing class. Due to their small value resulting
from the functionality of the bearing, these toler-
ances have little effect on the axial clearance of
the bearing. In addition, their impact is reduced
by the fact that the raceways of a tapered roller
bearing are convex. The convexity for the main
raceways of the outer flanged ring is in the range
of 0.003+0.006 mm. The convexity require-
ments for the generatrix of the tapered roller
are specified in the range of 0.001+0.008 mm.
The average convexity value for both surfaces
is h=0.0045 mm, and their theoretical length is
c=13.3 mm. Therefore, the average profile of

both raceways can be described by the same
radius value Rb (Equation 6, Figure 11):
¢z h

13.32
Rb=—+-=-=
8h t 2 80.0045

(6)

+299% _ 4913.61 mm

where: ¢ — theoretical length of the raceway,
h — average convexity of the raceway,
Rb — radius describing the average profile
of the raceway.

The angular deviation of the raceway for the
outer ring raceway is +0.003 mm (over a race-
way length of 13.3 mm), so the angular change
in degrees is:

+0.003
ap = arctgw = 40.0129° (7)

where: a, — tolerance of the outer ring raceway
angle.

The angular deviation of the roller generatrix is
+0.0015 mm, so the angular change in degrees is:

= arct £0.0015 +0.0065° (8)
ay = arctg—o—— = 10.
where: a — tolerance of the angle of the generat-
ing line of the tapered roller raceway.

The most unfavourable case was taken into
account, in which one track has a positive devia-
tion and the other a negative deviation. Since the
resulting triangle is an isosceles triangle, the two
angles in the triangle are equal and amount to
(Equation 9, Figure 12):

~0.0129 + 0.0065

ay = > = 0.0097° ©)

where: a_-— resulting angle deviation.
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Figure 10. Leitz PMM 12.10.07 coordinate
measuring machine. Coordinate measuring machine
on which measurements of the shaft diameter,
inner ring bore and inner ring raceway diameter
were taken before and after mounting
on the inner flange ring.

Therefore, the change in the dimension of
the raceway resulting from the change in angle
will be:

AD = 2Rb(1 — cosaz) = 0.00014 mm (10)

where: 4D — change in the diameter of the race-
way resulting from a change in angle.

The above shows that the effect of angle
change on diameter changes is negligible com-
pared to the effect of diameter tolerance. The same
principle can be applied to the contact between
the roller and the inner ring raceways. Therefore,
the equation for the sum of tolerances will take
the following form Equation 11:

A, (11)
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Therefore, the equation for the sum of toler-
ances can be written as follows:

|5§% DBz1 T | | Tppz +
+ |6DB |TDBw1 + |5DB |TDBw2 +
+ |6D 51| Tpws1 + | |TDWSZ T (12)
|%| Toopr + |6L0 2| Trop2 +
6N SN
6dp Tap + sdw Taw =Ty

Calculation of partial derivatives (impact
factors):

oN__ = 1.207 13
8Dgz1  2tgal (13)
6N
= =1.2 (14)
6Dg;, 2tga? 07
oN__ L _ 1.207 15)
8Dgw1  2tgal (
0N _ L _ 1.207 16
8Dy,  2tga2 (16)
6N cos(al —p1
_ON _ _cos(el—f1) —2.27 (17)
6Dpws1 tgal
6N cos(a2 — (2
_ON_ _ _cos(@z—p2) —2.27 (18)
6Dpw s tga?2
6N tgpl
=1- = 0.262 19
6Lop1 tgal 0.26 (19)
6N tgp?2
Lo 1- tg? = (0.262 (20)
6N 075 0.905 o1
5d, 2tga2
SN 075 0.905 22)
od,  2tga2

The following calculation methods have
been used for the total interchangeability calcu-
lation [29]:
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Figure 11. Diagram showing how to determine the
average radius of a running track outline

e cqual tolerance method — the tolerances of all
component links have the same value Equa-
tion 23:

Ty =Ty1= Ty = - = Ty (23)

e cqual tolerance class method — all the compo-
nent dimensions of the dimension chain are of
the same tolerance class. The link tolerance of
the dimension chain is calculated according to
formula (24):

TAi = ai/A—l'

where: a — the tolerance class factor.

24)

We calculate the tolerances of the closing
dimension using the formula for the compound
chain (25):

(25)

Figure 12. The influence of angular deviations of
the raceway and the generating line of the tapered
roller on the change in raceway diameter, taking into
account the raceway profile radius Rb

e cqual impact method (26):

N N 6)
— cee — =m
A, | 4 94, |
where: m — the impact value.
e minimum cost method (27):
k-1 n-1
dN
L= Ky+ 2 |— Ty — Ty | 27)
i 04;
i=1

where: 4 — the Lagrange coefficient,
K — determined by complex cost-depen-
dent calculations.

A summary of the component link tolerance
results for overall interchangeability and the clos-
ing link tolerance (axial clearance) TN=50 um is
shown in Table 2.

The tolerance values obtained are small
and, in practice, it is impossible to maintain the

Table 2. Summary of component cell tolerance results for total interchangeability

Method of calculation
Cell dimension Equal_tolerance Of equal fccuracy Equal impact m=const. Minimum costs
mm T =const. class a=const.
Tolerance value ym
DBz1=76.903 4.2 55 4.1 6
DBz2=76.903 4.2 55 4.1 6
DBw1=58.754 4.2 4.1 5
DBw2=58.755 4.2 4.1 5
DWs1=9.6415 4.2 2.8 2.2 2
DWs2=9.6415 4.2 2.8 2.2 2
Lop1=29.201 4.2 4 19 10
Lop2=17.659 4.2 34 19 10
dp=50 4.2 4.8 5.2 5
dw=50 4.2 4.8 5.2 4

355



Advances in Science and Technology Research Journal 2026, 20(4), 347-358

Table 3. Summary of component cell dimension results for partial interchangeability at a 0.01%

risk percentage for defects

Method of calculation
Cell dimension Equa_l_tolerance Of equal fccuracy Equal impact m=const. Minimum costs
mm Tai=const. class a=const.
Tolerance value pm
DBz1=76.903 1.7 16.3 131 19
DBz2=76.903 11.7 16.3 13.1 19
DBw1=58.754 1.7 14.9 13.1 17
DBw2=58.755 1.7 14.9 13.1 17
DWs1=9.6415 1.7 8.2 6.9 4
DWs2=9.6415 11.7 8.2 6.9 4
Lop1=29.201 1.7 11.8 60 28
Lop2=17.659 1.7 10 60 28
dp=50 1.7 141 17.5 12
dw=50 1.7 141 17.5 12

tolerance, of the parts made, at such a high level
or it would not be economically justifiable.
Therefore, in the production of the third-gener-
ation combined hub, it was decided to use par-
tial interchangeability, in which the tolerance
of the locking link is maintained with a certain
probability.

Calculation of component dimension
tolerances for partial interchangeability

In the case of partial interchangeability, the
calculation methods are the same as for total
interchangeability, but we take into account the
interchangeability coefficients denoted by the
lower case letter k. These coefficients are depen-
dent on the type of distribution and the number
of standard deviations (process fitness). Regard-
less of the distributions of the component cells,
if we are dealing with at least six component
cells, we can assume that the distribution of the
closing cell is close to normal [30]. For standard
automotive processes, the values of the process
suitability indices Cp and Cpk must be greater
than 1.33 and the distribution of values must be
normal [31]. The coefficient of variation for the
individual component cells and the closing cell
was assumed, as for a normal distribution and
a probability of non-conforming product below
0.01%, k = 6/8=0.75 (Cp; Cpk > 1.33) [32].

For partial interchangeability, the equation
for the sum of tolerances is of the form:
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SN\ 2p,2 2
(SD ) kbpz1Thpz1 +
BZ1

SN \ 2,2 2
(5[, ) kows1Tows1 +
Ws
SN\ 2,2 2
( ) kpows2Tpwsz +

21,2 2
) kLoplTLop1+

27

6N\ 2p,2 2

+ (50 ) kbpz2Thpzz *

BZ2

6N_\ 2,2 2

+ (6D ) kbpwiThw: +
Bw1
6N_\ 2,2 2

+ (6D ) kbpw2Thpwz *
Bw2

+

+

6N
21,2 2
+ (6LOP2) kLopZTLopZ

6N
+ <%) ZképTde +

6N

A summary of the component link tolerance
results for partial interchangeability is shown
in Table 3.

CONCLUSIONS

The developed third-generation dimensional
chain model for bearing hubs describes the relation-
ships between component tolerances and the result-
ing axial clearance. The analysis showed that full
interchangeability leads to the need for extremely
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narrow tolerances, which makes the manufactur-
ing process inefficient. The use of partial inter-
changeability allowed the permissible tolerances
to be tripled without compromising the functional
requirements of the combined bearing hub. Fur-
thermore, this did not adversely affect the safety
of the vehicle’s operation.The increase in tolerance
was achieved with a risk of non-compliant products
below 0.01%. This risk is acceptable for standard
automotive processes, for which the minimum pro-
cess capability indices are set at Cp, Cpk > 1.33.
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