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Abstract: The increasing competition of global markets requires companies to focus their attentions on two 
main aspects of the internal production system: cost reduction and product quality. Quality is identified with 
customer satisfaction. This can be converted to the contentment of the customer in terms of attended 
performance during the entire life cycle of the product. In particular, reliability performances needs to be 
investigated and tested during the design of the new product. The aim of this study is to evaluate the 
reliability performance of a model of washing machine for domestic use. The application of accelerated life 
tests and degradation analysis was necessary to identify the main failure modes and the deterioration 
mechanism in a shorter time. This paper presents a systematic approach to evaluate reliability performances 
and degradation trend of the new machine designed accordingly with the reduced testing time policy. 
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1. Introduction 

In the context of household appliances manufacturing 
and, in general, in the world market, companies have 
reached a very high level of competitiveness. This is partly 
due to the increase of companies operating in the same 
areas and to the expansion of emerging countries. The 
concentration of all these companies in the same sector, 
leads them to design goods with higher quality, with 
reduced time to market and at lower prices to attract 
customers to choose their products. Hence, such 
companies, in order to maintain their margins at an 
optimal level, must operate to keep costs under strict 
control. This strategy is in contrast with the necessary 
measures which should be taken to carry out the 
development of new products. The continuous 
technological development and the increase of capital 
invested in that sense, is a key requirement to follow 
customer needs and keep pace with competitors 
(Minderhoud, 1999). In order to remain at the top of its 
competitors and to satisfy customer needs a company has 
to pay particular attention to two fundamental aspects: 
high quality and low prices. Simultaneously efforts have to 
be made to reduce the product development time and, as 
a consequence, the time to market. Bearing in mind that it 
is better to be the first to market with a good product than 
to be the last with the best product. It was well 
demonstrated that adopting a target costing policy and 
reducing the time to market provide a considerable 
advantage without compromising quality (Afonso et al., 
2008). The quality goal may generate higher costs because 
a lot of resources must be invested in research and 
product development (Vintr, 1999). In addition, the more 
the product is innovative - compared to the previous - the 
more tests are required to assess its performance. Tests, in 
particular, require a great effort in terms of time and 
resources dedicated, in contrast with the company’s policy 

mentioned above. Much of the testing activities that are 
performed today doesn’t follow a rigorous and scientific 
procedure; as a consequence most of the them do not 
provide the optimum balance of assurance versus cost and 
time tests (O’Connor, 2003). Many firms, for strategic 
reasons, are forced to sacrifice an important part of 
product development like validation tests. In the early 
phase of a product life cycle, much attention is devoted to 
the research&development step related to the innovation 
issue. At the end of these onerous phase few resources 
and time are still available for the company to test the 
performance of its product, both from the design point of 
view and from the reliability point of view. Overlook the 
test phase can lead to a poor product quality because 
particular failure modes characteristic of the system may 
not be detected (Yadav et al., 2006). Furthermore, the 
planning of preventive strategies to implement warranty 
services is extremely dependent on the estimated reliability 
performances (Mohammadian and Aït-Kadi, 2010). 
Warranty service is a burden for the company because all 
the repairing interventions made during the coverage 
period are completely charged to it. It is clear that 
experimental tests can be used to control quality but also 
to reduce the cost related to the life cycle of the product, 
warranty included (Murthy and Djamaludin, 2002). 
Testing activity is also an important instrument to check 
whether design specification have been effectively 
fulfilled. 
In order to estimate and verify the reliability performance 
it is evident the need to carry out testing activities with 
limited resources in terms of cost and time. In the 
household appliances field, and in particular for washing 
machines, research and development led to the 
achievement of a very high level of reliability. Therefore 
testing products until failure has become a very long 
process. For companies that operate in this field it 



becomes very difficult and expensive to implement a 
series of tests that can estimate reliability performances on 
their products in short time. It is fundamental to shorten 
the test length in order to reduce its cost and to speed up 
validation procedure (Park et al., 2006). The traditional 
reliability performance tests are no longer enough efficient 
and it is therefore necessary to implement solutions to 
accelerate testing procedure without altering its validity 
(Escobar and Meeker, 2006). 
The aim of the study is to implement through the 
methodology of accelerated life test (ALT) a procedure 
able of verify the reliability performance of a domestic 
washing machine in a shorter time. ALT were 
implemented to identify main failure modes and reliability 
performances of the machine analyzed. 
Considering the high reliability of the product studied, it is 
possible that with ALTs no failures (hard failure) occur 
(Mohammadian et al., 2010). In addition to ALTs, 
degradation test (DTA - Degradation Test & Analysis), 
were also implemented. DTA were used to identify and to 
assess the evolution of the degradation by monitoring the 
characteristic parameters of the washing machine and by  
identifying the likelihood of conditional failure (soft 
failure) (Yang, 2007; Meeker, 1998). This type of analysis 
is very useful because, if the product is modified or a 
supplier is changed, the product behavior may vary. It is 
therefore necessary to check if the trend of machine 
characteristic parameter remains the same over the new 
version. In this study, by means of the monitoring of 
various characteristic parameters of the machine, its 
standard behavior was identified: it was then possible to 
compare the newer version behavior with the standard 
one. 

2. Methods 

Before performing accelerated tests and degradation 
analysis it was necessary to organize test execution in 
order to obtain reliable results (references?). In particular 
the planning activity regarded: (i) the choice of the 
component to be tested (ii) the failure mode to be stressed 
and the various levels of overstress (iii) the performance 
definition relative to the overstress level, the test length, 
the number of samples tested at each level and the 
threshold values of the machines characteristic 
parameters. Test activities were preceded by a calibration 
phase in which the measuring instruments and their 
software were set to ensure a proper operation. Finally, 
the data obtained from experimental tests were 
appropriately post-processed in order to make them 
available for the subsequent analysis of degradation. 
Methods and tools used for the implementation of the 
ALT test and DTA are explained in the following 
paragraphs. 

2.1 Accelerated life tests 

Using a Pareto analysis, performed on data derived from 
field service, functional groups with higher incidence on 
failure were detected. The analysis identified the 
mechanical oscillating group (formed by a tub and a 
drum) as more critical for two reasons: (i) it was the third 
in number of defects recorded (the first of the mechanical 

components) (ii) it was the innovation introduced in the 
new model, hence its behavior was not known yet. 
The new mechanical group is bigger than the previous on, 
in order to accommodate a larger quantity of clothes. The 
improvements regard the material, the lower thickness of 
the drum and the tub with several new reinforcement ribs. 
The design changes implied a lower distance between the 
tub and the drum both in static and dynamic conditions. 
It is important to analyze the latter parameter because it 
influences the probability that the two components get in 
contact, causing a failure of the oscillating group: the 
wider is the distance between the two components and 
the lower is the probability that the drum comes into 
attrition with the tub. 
The accelerating parameter used to overstress the machine 
is the imbalance of the load inside the drum, since it 
intensifies the drum deformation and its attitude to get in 
contact with the tub. To make the test more burdensome, 
it was carried out during the spin cycle, since in this phase 
the group reaches the most severe dynamic condition 
(maximum rotating speed) of the whole of the washing 
cycle. The drum imbalance is normally regulated by the 
electronic control unit stops the washing cycle if it 
exceeds the 40% of the drum structural limit (calculated at 
the maximum number of rpm achievable by the washing 
machine). Bypassing the control unit it was possible to 
perform tests with imbalance greater than those normally 
allowed. We chose three levels of overstress for testing the 
washing machines: 65%, 80% and 95%. For each level of 
overstress 8 washing machines were used. The sample size 
and the overstress level were chosen accordingly to the 
planning sets proposed by Yang, 2007 with the 
“compromise test plans” and to the requirement of the 
company in terms of resources and time dedicated. The 
sample size was determined dynamically also with the 
experimental evidence obtained with previous tests. 
Tests were designed as right censored by imposing 500 
cycles as censor time, which corresponds to an average of 
2 years of use. Every 50 cycles a cycle called 
“characterization” was performed. During this cycle an 
imbalance of 40% was applied; afterwards the machine 
was loaded again with the imbalance already established. 
The estimation of the reliability function at the user level 
(40%), obtained from the overstress values, was carried 
out with the software ALTA (ReliaSoft Corporation, 
Tucson, Arizona, USA). To assess the reliability of the 
machines at the user level (normal operating conditions) it 
was necessary to find the probability function that best 
represents the data collected at the three levels of 
overstress; in this case a two-parameter Weibull. The 
accelerating factor can be defined as (1) 
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where tp is the 100th percentile of the life distribution at 
user stress level and t’p is the 100th percentile of the life 
distribution at the overstress level. Using (1) is possible to 
relate the user and the overstress parameters: life 
percentile, the test time, the life characteristic etc.. This 
approach is based on the hypothesis that the reliability 



function for all stress levels is characterized by the same 
shape parameter, so the estimation variable is only the 
scale parameter of the Weibull function that is different 
for each stress levels. 
The reliability function at user stress level was obtained 
using data from tests implemented at the three overstress 
levels and the correlation function (physical model) 
Inverse Power Law; it was demonstrated (Escobar and 
Meeker, 2006) that it is the most suitable for mechanical 

accelerating factor. Weibull parameter (α) were calculated 
using the maximum likelihood estimation (MLE) as it is 
the most suitable method with numerous censored data 
(Nelson and Meeker, 1978). The unilateral lower 
confidence interval chosen is equal to 97%. 
 
2.2 Degradation testing and analysis 

DTA requires the identification of some mechanical 
degradation parameter of the product (Yang, 2007) in 
order to monitor its performance. The most important 
property of these parameters is its prognostic capability of 
failure detection. Three basic parameters to be monitored 
and measured were defined through a proper FMEA 
analysis: (i) the distance tub-drum, (ii) the temperature of 
the external bearing on the drum’s shaft coupling and (iii) 
the vibrations of the oscillating unit. FMEA also allowed 
us to calculate the threshold values of these parameters 
that would be useful for the analysis of soft failures. The 
measurement system consists of three types of sensors, 
each one with its hardware and software acquisition 
equipment. 
Vibrations and drum-tub distances were measured during 
the 50 characterization cycles. 
To measure the distance drum-tub four sensors were used 
(Loccioni group, Ancona, Italy): three on top of the tub 
longitudinally positioned, and the fourth in the back side. 
Data were acquired with a sampling frequency of 20 Hz. 
Vibrations were measured with three sensors which 
monitor the  acceleration along the axes of a Cartesian 
tern with origin on the top of the tank, z axis vertical 
upwards, x-axis parallel to the axis of the drum and 
directed anteriorly. The values of the vibrations were 
measured and acquired with a frequency of 320 Hz. The 
vibration acquisition system was constituted by the 
software system Dactron Photon II (Brüel & Kjær Sound 
& Vibration Measurement A / S, Nærum, Denmark) 
connected to the three accelerometers (Figures 1). 
 

 

Figure 1. x value (red), y value (pink) and z (green) value 
of the acceleration during the characterization cycle  

The bearing temperature was measured during all cycles 
(at a frequency of 1 Hz) by two thermocouples attached 
to the bearing. The two values were then averaged to 
obtain the mean. For the acquisition of temperature was 
used the Marel system (Marel Srl Fabriano, Italy). 
To perform DTA it was necessary to reprocess the data 
obtained from the measurements to make them suitable 
for the next stages. In particular, for each measurement 
both the punctual values and some reprocessed data were 
considered: (i) the minimum, the maximum, the range of 
variation during each cycle and standard deviation for the 
tub-drum distance (ii) the maximum bearing temperature 
(standardized with the inlet water temperature) during all 
cycles (iii) the maximum value of the acceleration of the 
oscillating group for the vibrations and RMS (root mean 
square) value. The physical quantity that best accounted 
for degradation were then chosen. Standard deviation was 
used for the distance tub-drum because it was not affected 
by measurement errors. As a matter of fact maximum and 
minimum values measured at each cycle were affected by 
errors due to local strain effects. Some points of the drum 
in fact, as the conjunction welds, are less resistant to the 
stress generated by the centrifugal force; these points, 
therefore, were deformed in an anomalous way, 
generating peaks that alter the measurements. The so 
called standard deviation was calculated as the mean 
difference between the exact values recorded during the 
cycle and the distance with the machine switched off. For 
the temperature the maximum value recorded during each 
cycle was used. For the acceleration values, which had a 
sinusoidal pattern, the effective value was calculated 
during each characterization cycle. 
Measurements were conducted both for machines that did 
not present failure and for those who broke down. In the 
first case it was considered the trend of the degradation 
during all the 500 cycles while, in the second case, the 
measurements were interrupted at the last characterization 
cycle performed before the failure. 
The necessary post processing phase for the evaluation of 
the results will be discussed in detail in the results session. 

3. Results 

3.1 Accelerated life test 

ALTs were performed on 24 machines equally distributed 
over the three overstress levels. The first important 
outcome was the identification of a new failure mode (in 
addition to those already known by the classical tests and 
experience) that was never occurred before. The latter 
involved the new oscillating system and it occurred seven 
times out of a total of eight failures. Below the results 
obtained from the three overstress levels were shown 
(table 1); next to the number of cycle performed by the 
machine, in brackets, it is indicated if the test finished 
without any failure (C - censored) or if a failure occurred 
(F - failed) . 

 

 

 



 Load imbalance 
Machine 65 % 80 % 95 % 

1 500 (C) 500 (C) 50 (F) 
2 500 (C) 500 (C) 350 (F) 
3 500 (C) 500 (C) 250 (F) 
4 500 (C) 500 (C) 300 (F) 
5 500 (C) 350 (F) 300 (F) 
6 500 (C) 500 (C) 350 (F) 
7 500 (C) 500 (C) 500 (C) 
8 500 (C) 500 (C) 400 (F) 

Table 1. Outcomes of the 24  tests (censored C, failure F). 
The test is right censored at 500 cycles (corresponding to 

2 years of use) 

Data represented in Table 1 were used to estimate the 
reliability distribution at a user level stress. Starting from 
the highest overstress level the distribution that better 
approximates the behavior of faults was chosen; it was a 
two-parameter Weibull. 
Hence, with the fixed β, constant in all distributions (40%, 
65%, 80% and 95%), and with the variable characteristic 
life α the reliability at the 40% stress level follow a Weibull 
distribution with β = 2.9774 and α = 53 166 cycles. This 
distribution is derived from the correlation between life 
and mechanical stress obtained by the inverse power law 
(figure 2). 

 

Figure 2. Correlation between the three different levels of 
overstress (abscissa) and the component life (ordinate) 

with the 97% lower confidence interval. 

 

Fundamental for service planning were the reliability 
performance at 500 and 1250 cycles; in fact 500 cycles 
correspond to two years of standard usage - the normal 
warranty period - while 1250 cycles represent an extended 
warranty (5 years of usage). In correspondence of these 
values, reliability performances were very near to 1. It is 
important to underline that the values found were an 
average included in the confidence interval; the lower limit 
of the confidence interval was considered as the more 
corrected value because it indicates the minimum 
reliability values for each number of cycle. Hence with the 
unilateral confidence level chosen (97%) there is a lower 
reliability of 99.2% for 500 cycles and 89.78% for 1250 
cycles (Figure 3). 97% was chosen because it’s the best 
reliability performance level to obtain a good tradeoff 

between production costs and service costs. Reliability 
function was then used to calculate the number of cycles 
that ensures a reliability performance of 97%: 800 cycles. 
The mean life was equal to 1248 cycles (about 5 years). 

 

Figure 3. Lower bound limit of the reliability function at 
the user stress level. A 97% confidence interval was used.  

As a further extrapolation obtained from the tests it was 
possible to calculate the reliability surface as a function of 
stress level and number of cycles performed (figure 4). By 
this graphical representation it was simple to assess  the 
reliability performance of the washing machine defining 
the stress level and the number of cycles. 

 

Figure 4. Reliability surface. In a three dimensional space 
the reliability values depend on the number of cycles 

performed and on the level of stress applied.  

3.2 Accelerated degradation & testing 

In order to investigate machine degradation, a trend 
analysis of the acquired parameters was performed. 
Parameter degradation trends were expressed as a 
function of the number of cycles completed . Graphs 
were drawn reporting standardized values obtained by the 
ratio between the local value and the minimum one 
measured for each stress level. It was then possible to 
refer all the measurements to the same adimensional scale 
and it was also possible to ensure comparison of different 
results. Subsequently, values assumed by all measurement 
made during each characterization cycle could be shown. 
The tub-drum distance, shown in Figures 5, is strongly 
influenced by the imbalance level. This phenomenon was 
due to the dynamic effects caused by the rotation of the 
drum; it was much more clear , and less damped by the 



counterweights, when the level of imbalance was 80% and 
95%. Figure 5 shows a reduction of the space between the 
drum and the tub (expressed with its standard deviation 
value during the cycle) when the number of cycles 
performed increased. The more is the standard deviation 
(ordinate axes) the more is the probability of a contact 
between them; that indicates a real increasing performance 
degradation. 

 

 

Figure 5. Comparison between the standardized tub-drum 
distance (called standard deviation) at the three overstress 
levels. Each point represents the characterization cycle in 

which the measures were taken. 

Standardized temperature measurements (as visible in 
figure 6) were then reported; they were acquired 
continuously during each cycle, and not only during the 
characterization cycle. The maximum normalized 
temperature rises homogeneously with the increasing 
imbalance. Degradation is evident: the higher are the 
cycles performed the higher are the temperature 
measured. This was due to the greater energy dissipated by 
contact friction in the bearing between drum’s shaft and 
tub’s hub. Increasing the number of cycles performed, in 
fact, increases the gap between bearing’s parts. In 
addition, the bigger is the bearing degradation the lower is 
its efficiency. As a consequence, the bearing doesn’t work 
properly  and its temperature increases. 

 

Figure 6. Comparison between normalized maximum 
temperatures measured during each characterization cycle 

at the three different overstress levels. 

The RMS (root mean square) value of the acceleration of 
the tub (Figure 7) presents a trend similar between 
imbalance 65% and imbalance 80%. Beyond this limit, 
during washing cycle, frequencies near the eigenfrequency 
were stressed generating higher accelerations and higher 
mechanical stress. 

 

Figure 7. Comparison between maximum standardized 
acceleration during each characterization at the three 

different overstress levels 

It is important to note that due to the difficulty in 
measuring vibrations, data collected are not enough 
reliable to carry out strong conclusions. Moreover it was 
not possible to find a threshold value for these 
parameters. For this reason acceleration values have been 
shown but they were not considered as reliable outcomes. 
Looking at the overall results obtained from the 
degradation analysis, it is evident that the more is the 
imbalance level the higher are the degradation values of 
the three measures. Moreover going on with the number 
of cycles we can observe an increase of the performance 
degradation parameter value. Tests highlighted a 
coherency of the degradation trends for the prognostic 
parameters. 

4. Discussion 

The aim of the study was to develop a test methodology  
able to identify the reliability performances of a domestic 
washing machine. This procedure was carried out 
respecting deadlines and tight budget constraints. 
The experimental results of ALTs have identified the 
most critical parts of the new mechanical assembly 
introduced. Accordingly with the test duration 
requirements, ALTs give results in less than 30% of the 
traditional test time. Particular attention was dedicated 
during FMEA analysis to determinate a realistic overstress 
that could lead to a truthful failure mode (Lu et al., 2000). 
In fact, although imbalance values that cause failures were 
higher than the maximum normally allowed, their 
recursive and systematic occurrence should led the 
manufacturer to well investigate the causes of such 
phenomena. The failure mode found is catastrophic 
because it stops the functioning of the washing machine. 
Furthermore, experimental results obtained by DTA 
confirmed the correctness of distances drum-tub 
threshold values identified by the FEM. The latter is a 
further correspondence between experimental and 
numerical analysis. 
These results are fundamental for the estimation of the 
optimal warranty period and for the sizing of the supply 
system involved with the service. Once that the two years 
reliability is known, the manufacturer can plan and 
manage all the activities necessary for the service; in this 
way he can reduce costs while ensuring a high quality of 
the service offered. Consider, for example, the ability to 
prearrange all the spare parts stocks or the possibility to 
extend the warranty period. 
The trends obtained from the DTA are useful to 
characterize the standard functioning of the washing 



machine; they can be also used to compare, at any time, 
the standard performance with those of the machines just 
produced. Any differences found will be the issue of 
investigations aimed at finding non-compliances of 
production process. This can be a useful approach to 
identify a misalignment of the production process or of 
some performances with what expected in the real project. 
A possible cause can be for example a different supplier 
or a critical issue emerged after a redesign. The 
characteristic degradation trends can be used at any time 
as a benchmark for acomparisons with new product 
releases.  
The combined use of these two methods, allowed us to 
estimate the reliability performance and to characterize the 
behavior of the standard machine from a degradation 
point of view. 
The methodology proposed in this paper allows to reach 
the goals of the project but for a correct project results 
assessment it is necessary to consider also some critical 
issues. For example it is essential to have a dedicated 
laboratory for the experimental measurements and to have 
scrupulously investigated the aspects of all the possible 
failure modes (FMEA). Companies that have invested in 
this direction will be able to easily overcome the problems 
related to implementation and evaluation of reliability 
performances such as determination of threshold values, 
the choice of parameters, etc. The results obtained have 
wide confidence intervals; it would be interesting to 
increase sample sizes of the three overstress levels in 
order to obtain more precise outcomes. In particular it 
would be interesting to increase the number of machines 
tested at the lowest level of stress (65%). 
This study demonstrate how the ALT and the DTA can 
become an effective and efficient support for all the 
activity involved in managing the lifecycle of the product 
(design, production and service). For that reason a 
company that bases its competitiveness on research and 
innovation for quality can achieve a significant 
competitive advantage from the implementation of these 
methodologies. 
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