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 
Abstract—The drum is one of the critical parts in a washing 

machine in which the clothes are washed and spin by the rotational 
movement. It is activated by the drum shaft which is attached to an 
electric motor and subjected to dynamic loading. Being one of the 
critical components, failures of the drum require costly repairs of 
dynamic components. In this study, tolerance bands between the 
drum shaft and its two bearings were examined to develop a 
relationship between the fatigue life of the shaft and the interaction 
tolerances. Optimization of tolerance bands was completed in 
consideration of the fatigue life of the shaft as the cost function. The 
following methodology is followed: multibody dynamic model of a 
washing machine was constructed and used to calculate dynamic 
loading on the components. Then, these forces were used in finite 
element analyses to calculate the stress field in critical components 
which was used for fatigue life predictions. The factors affecting the 
fatigue life were examined to find optimum tolerance grade for a 
given test condition. Numerical results were verified by experimental 
observations. 
 

Keywords—Fatigue life, finite element analysis, tolerance 
analysis, optimization. 

I. INTRODUCTION 

ATIGUE failure is the principal failure mechanism in 
mechanical components in engineering structures. 

Motivated by this fact, numerous studies are undertaken to 
predict the fatigue failure and estimate the fatigue life of 
mechanical components, e.g. see [1] for an overview. The 
methods to predict the fatigue failure is separated into two 
groups such as frequency domain [2] and time domain [3]-[12] 
methods. It is noteworthy that time domain methods and 
commercial codes nCode and ABAQUS were employed in 
this study. In time domain analyses, the fatigue life is 
estimated by using stress history of a component where a 
counting method (e.g., range-mean stress, rain flow counting 
and range-pair methods [3]-[5]) and a damage accumulation 
rule (e.g., Miner-Palmgren rule and Haibach rule [6]-[8]) are 
employed. The counting methods essentially convert an 
irregular stress-time history data into equivalent stress cycles 
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having a constant range and mean stress. Following, the 
damage accumulation rules are implemented to calculate the 
total damage by summing the contributions of each stress 
cycle found by the counting method. In literature, the rainflow 
counting method and Miner-Palmgren rule are widely used for 
fatigue damage predictions due to their accuracy [9]-[12].  

In this study, the drum shaft of a washing machine is 
examined in consideration of fatigue life. The drum shaft 
activates the drum of the washing machine in which the 
clothes are washed and spin. Being one of the critical 
components in a washing machine, it is attached to an electric 
motor and subjected to dynamic loads whose failure results in 
the replacement of the whole dynamic system of the washing 
machine, and such a warranty service brings about notably 
high costs to the washing machine producers. It is observed in 
tests that the tolerance grades of the drum shaft and its 
bearings have an important effect on fatigue life of the drum 
shaft. To this end, fit tolerances between the drum shaft and its 
two bearings were studied to develop a relationship between 
the fatigue life of the shaft and tolerance grades. By selecting 
the fatigue life of the shaft as the cost function, tolerance 
grades of the assembly of shaft and its bearings were 
optimized. First, a dynamic model of the washing machine 
was prepared, and dynamic analyses were completed to obtain 
the dynamic loads acting on the drum shaft during a quelle. 
Then, radial pressures on the shaft applied by the interaction 
between the shaft and its bearings were analytically calculated. 
After obtaining all dynamic and static loads, by the use of 
ABAQUS software, a finite element analysis was completed 
to find the stress distribution and the critical areas on the drum 
shaft. Following, by the use of nCode software, fatigue life 
estimation of the drum shaft was completed for different 
tolerance grades for the assembly of shaft and its bearings. 
Results of the analyses revealed that, only one of the bearings 
had a significant impact on the drum shaft fatigue life, 
whereas the other one had very slight effect. It is observed that 
fatigue life estimation of the drum shaft calculated by the 
software nCode agrees well with the test results. Accordingly, 
an optimum fit pressure is determined. Any fit pressure above 
or below that optimum value causes a decrease in the fatigue 
life of the shaft. Optimum tolerance grades for the shaft and 
bearings which ensure the optimum pressure on the shaft are 
determined for the shaft fatigue life optimization. 

II.  MODELING AND DESIGN CONSTRAINTS 

A washing machine fulfills the design task of washing the 
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clothes inside the drum. The dynamic components of a drum 
assembly are shown in Fig. 1.  
  

 

Fig. 1 Dynamic components in a washing machine 
 

The drum is activated by the drum shaft which is connected 
to an electric motor through a pulley, e.g. see Fig. 2. The drum 
shaft is supported by two ball bearings.  

In this study, a washing machine having the maximum 
rotational velocity of 1000 rotation per minute (RPM) in a 
quelle cycle, maximum clothe capacity of 63 liters and 
maximum laundry mass of 9 kg is considered. A quelle cycle 

is formed of washing and spinning phases of the washing 
operation. The loadings acting on the drum shaft in a quelle 
cycle is time varying. The drum shaft is supported by two ball 
bearings having different sizes. Tolerances of these ball 
bearings should be optimized separately that is pursued in this 
study. Typical tolerances employed between the inner ring of 
a ball bearing and shaft are presented in Fig. 3 [13]. 

 

 

Fig. 2 The drum and drum shaft 
 

Nominal design of the drum shaft has the roller bearing 
inner ring tolerance of P6 and shaft tolerance of g6. In 
analyses, the worst possible scenarios for the assembly of 
shaft and bearings were considered corresponding to the 
largest possible shaft diameter and smallest possible bearing 
inner ring. Associated tolerance bands in microns are as 
follows: P6/g6 where P6ିଷଵ

ିଵ଼and  g6ିଶ଴
ି଻ . 

 

 

Fig. 3 Tolerances between the inner ring of a ball bearing and shaft [13] 
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Fig. 4 Tolerance grade scenarios for interactions between the shaft and large/small bearings 
 

In sum, the smallest possible bearing inner ring diameter is 
equal to 25–0.031=24.969 mm, and the largest possible shaft 
diameter is equal to 25–0.007=24.993 mm. Following, the 
maximum interaction is equal to 24.993–24.969=0.024 mm. 
Then, the maximum interactions were calculated for the 
possible matches of different tolerance grades. The cases 
providing an interaction larger or smaller than the nominal 
design were determined, that were analyzed by the finite 
element models, e.g. see Fig. 4. 

In the following sections, the shaft and bearing tolerances 
will be determined for the worst possible interaction matches 
listed in Fig. 4 based on finite element analyses (FEA) results 
such that the fatigue life of drum shaft is maximized. 

III. TOLERANCES OF THE ASSEMBLY OF SHAFT AND 

BEARINGS 

According to ISO standards, there are three different fits 
between the drum shaft and its bearings [13] which are 

determined by the tolerance grades such as no interaction (i.e., 
loose fit), moderate overlap of tolerance grades and strict 
overlap of tolerance grades (press fit) as shown in Fig. 5. 

 

 

Fig. 5 Three different fits between the drum shaft and bearings [13] 
 

There are 28 classes of tolerance grades in ISO standards 
for both holes and shafts. The hole and shaft tolerances are 
respectively designated by capital and small letters, e.g. see 
Fig. 6. 
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Fig. 6 Classification of ISO tolerances designated for the shafts and 
holes [13] 

IV. ANALYSIS OF THE ASSEMBLY OF DRUM SHAFT AND 

BEARINGS  

Beforehand, the pressures applied to the shaft by the 
interactions of bearings were calculated by  

 

P ൌ
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                 (1) 

 
where P is the pressure on the shaft applied due to the 
interaction, Δd୫ୟ୶,୰ୣୟ୪ is the amount of interaction between the 
bearing inner ring hole and shaft diameter, D୰୧ and D୰୭ are 
respectively the inner and outer diameters of bearing inner 
ring, D୫୧ and D୫୭ are respectively the inner and outer 
diameters of the shaft, E୰ and E୫ are respectively the elasticity 
modulus of bearing inner ring and shaft materials, and ν୰ and 
ν୫ are respectively the Poisson’s ratios of bearing inner ring 

and shaft materials. For the nominal tolerance of 25 P6/g6 
having the tolerance bands of P6ିଷଵ

ିଵ଼ and g6ିଶ଴
ି଻  for the small 

bearing, we find that Δd୫ୟ୶,୰ୣୟ୪=(-7)-(-31)=24 μm. The loss in 
interaction due to smashing of surface roughness is equal to 
 

z ൌ 1.2൫R୲,ୱ୦ୟ୤୲ ൅ R୲,ୠୣୟ୰୧୬୥൯ ൌ 1.2ሺ4 ൅ 4ሻ ൌ 9.6 μm     (2) 
 
where R୲=4 μm is the maximum surface roughness value. 
Note that the shaft material is hot rolled EN 10025-2:2014.  

Following, we find Δd୫ୟ୶,୰ୣୟ୪=24-9.6=14.4 μm that yields 
fit pressure of P=28.44 MPa for the small bearing. For FEA by 
using the software ABAQUS, the drum shaft is meshed by 
hexahedral elements as shown in Fig. 7. Number of elements 
of the FEA model was determined by refining the elements 
and carrying out a mesh convergence test. Then, static loads 
shown in Fig. 8 were applied to the drum shaft. The loads 
were distributed to the nodes of the shaft by the use of RBE3 
elements in ABAQUS software. The boundary conditions 
were that only the rotations around z axis were allowed in 
torsion, while support points were bearing locations for the 
other loads.  

 

 

Fig. 7 Mesh of the drum shaft 

 

 

Fig. 8 The loads acting on the drum shaft 
 

The FEA was completed in two stages. In the first stage, the 
calculate pressure values were applied, then external dynamic 
forces were applied. Following, all stress values were 
superposed. The stress distribution due to the interaction 
between the shaft and small bearing was calculated by the 
ABAQUS software that is shown in Fig. 9. Nonetheless, it is 

observed that the interaction between the shaft and big bearing 
is more critical. Convergence of numerical solutions was 
checked by increasing the number of elements. As a result, the 
stress distribution shown in Fig. 10 was obtained by using 
971,388 elements and had the maximum Von Mises stress of 
68.56 MPA on the edge of contact surface of the big bearing. 
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Fig. 9 Von Mises stress distribution due to interaction between the shaft and small bearing 
 

 

Fig. 10 Von Mises stress distribution due to interaction between the shaft and big bearing 
 

 

Fig. 11 Washing machine model run in the software ADAMS 
 

To estimate the fatigue life of the drum shaft, the dynamic 
model of the washing machine shown in Fig. 11 was prepared 

in ADAMS software and run for a quelle cycle of 150 second 
where the unbalanced load was 1.150 kg and maximum drum 
rotational velocity was 1000 RPM. Note that the following 
loads obtained by ADAMS runs were used in fatigue life 
estimations: force components of Fx, Fy and Fz acting on the 
center of the mass of the shaft, pressures applied respectively 
by the interactions with the big and small bearings Pb and Ps, 
and torsional moment of Mt. While the variations of Fx, Fy, Fz, 
Mt and angular velocity of the shaft α୸ (where M୲ ൌ Iα୸, 
I=575416x10-6 kgm2) were calculated by the ADAMS model, 
the pressures Pb and Ps were calculated by (1); they are all 
shown in Fig. 12 where the sampling frequency was 100 Hz. 
Then, the ABAQUS output file having the stress distributions 
of six load cases in response to unit loadings of Pb, Ps, Fx, Fy, 
Fz and Mt is imported by the nCode Design Life module. 
These load cases are scaled by the software nCode according 
to the load variations shown in Fig. 12 and the stress history of 
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the drum shaft during a quelle cycle is obtained by 
superposition of these six load cases. Following, fatigue life 
estimations were calculated by the software nCode that were 

used to determine the optimum tolerance grades for the 
interactions of big and small bearings with the drum shaft. 

 

  

 

 

 

Fig. 12 Loads in a quelle cycle applied in fatigue life estimations 
 
For the unit pressure/load/moment magnitudes of Pb, Ps, Fx, 

Fy, Fz and Mt, the FEA analyses in Abaqus were separately 
completed as six different load cases. To optimize the 
tolerance grades of the assembly of shaft and big/small 
bearings, the boundary conditions were implemented on the 
interaction surfaces to account for the interactions between the 
shaft and bearings given in the fourth and eighth columns of 
Fig. 4 that are respectively corresponding to interactions of 
small and big bearings with the shaft. In brief, the worst 
possible interaction cases were considered in analyses. The 
tolerance grades that yield longer fatigue life than that of the 
nominal design were given in Fig. 13. 

In nCode fatigue life calculations, it is observed that the 
tolerance grades in the interaction between the shaft and small 

bearing had insignificant effect on the fatigue life estimation 
of the shaft. On the other hand, the tolerance grades in the 
interaction between the shaft and big bearing had considerably 
affected the fatigue life estimation of the shaft. It is observed 
in experiments on prototype washing machines that the 
nominal design of the drum shaft has the fatigue life of 1500 
to 2000 quelle cycles. On the other hand, nCode simulations 
predicted that the fatigue life of drum shaft of nominal design 
is 1786 quelle cycles, that agrees well with the experiments. It 
is shown in Fig. 14 that the fatigue life of the drum shaft in 
terms of the number of quelle cycles changes with the pressure 
in the interaction between the shaft and big bearing that has an 
optimum value for approximately P=33 MPa.  
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Fig. 13 Tolerance grades that yield longer fatigue life than that of the 
nominal design 

 

 

Fig. 14 Variation of fatigue life of the drum shaft with the pressure in 
the interaction between the shaft and big bearing 

 
Table I summarizes the optimization trials where it is 

observed that the fatigue life of the drum shaft may be 
increased to 2025 cycles by selecting the tolerance 30 H7/n6 
for the big bearing. Details of this study can be found in [14]. 
 

TABLE I 
TOLERANCE GRADES OF NOMINAL DESIGN AND OPTIMUM SOLUTION FOR THE 

INTERACTION BETWEEN THE SHAFT AND BIG BEARING 

 
Nominal 
Design 

Optimum 
Solution 

Big Bearing Tolerance 30 P6/g6 30 H7/n6 

Small Bearing Tolerance 25 P6/g6 25 P6/g6 

Fatigue Life in terms of Quelle Cycles 1786 2025 

Tolerance Bands for Big Bearing Shaft∅30ି଴.଴ଵ଻
ି଴.଴଴ଽ Shaft∅30ା଴.଴ଵହ

ା଴.଴ଶ଼ 

V. CONCLUSIONS 

Optimum tolerance grades of the assembly of the drum 
shaft and its bearings in a washing machine were determined 

such that the fatigue life of the drum shaft is maximized. 
While the pressures due to bearing-shaft interactions were 
calculated by analytical formulas, dynamic loads acting on the 
drum shaft were calculated by the dynamic model of the 
washing machine simulated by ADAMS software. Stress 
distributions in the shaft were calculated by ABAQUS models 
in response to unit loadings. Then, the software nCode was 
employed for fatigue life estimations in time domain by 
superposition of all load cases. Possible tolerance grades in the 
interactions between the drum shaft and bearings were 
determined. Following, by the virtue of nCode fatigue life 
estimations, optimum tolerance grades were determined that 
elongate the fatigue life of the shaft by 13.3%.  

The methodology followed in this study is general and can 
be applied to determine the optimum tolerance grades in any 
other interaction between the shafts and hubs. 
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