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INTRODUCTION

Today, when competitiveness and efficiency 
play a key role in scientific research and industries, 
it is essential to look for systematic and innovative 
approaches to process optimisation [1, 2] In this 
context, the DOE method occupies an exceptional 
place as a powerful tool for planning and analys-
ing experiments to obtain as much information as 
possible with a minimum number of experiments. 
DOE, also known as Statistical Design of Experi-
ments, provides a systematic framework for con-
ducting experiments, allowing the identification of 
key influences of factors and their interactions on 
the system under study. This method goes beyond 
traditional single factor experiments by allowing 

the investigation of complex relationships between 
many factors at once, significantly saving time cost 
and resources [3]. The DOE methodology is also 
used in a few fields, for example, for wire EDM 
[4], or for experiments on metal matrix composites 
for automotive or aerospace applications [5]. The 
design of experiments method has also been used 
in a few studies and engineering applications to 
optimise appropriate parameters and their combi-
nations, leading to valuable results for many fields 
[5, 6, 7]. This paper presents in detail the use of the 
DOE method in experimental planning and optimi-
sation in the context of automotive applications [8, 
9]. The basic principles of the method, experimen-
tal design techniques and the benefits that this sys-
tematic and statistically based methodology brings 
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to the decision-making process were explored. 
Specific examples of the application of the DOE 
method in a real industrial environment were also 
analysed. The aim of the paper was to provide a 
comprehensive view of the application of the DOE 
method and to illustrate its impact on optimisation 
processes, innovation and achieving competitive 
advantage in the current industrial environment. 
Final reflections were directed towards future per-
spectives and challenges associated with this meth-
odological approach in the context of a rapidly 
changing industrial environment. This may also in-
clude the use of simulation techniques, which may 
lead to an acceleration of the whole design process 
and verification of the results obtained [10, 11, 12]. 

BASIC METHODOLOGY

The DOE or Design of Experiments method 
is a method of planned experiments. It is used 
most often when there is a concern that a process 
(or some of its parts) is affected by more than 
one predictor variable, or factor [5]. The aim of 
the method is to perform experiments on a small 
number of samples, the variations of which are 
given by a complete factorial design. The small-
est number of experiments that are performed in 
the DOE method is 4. For a more complex prob-
lem with many inputs, a high number of experi-
ments may be required. These cases tend to be 
more challenging, but if there is a need to obtain 
a large amount of information in the output, it 
is also advisable to choose the planned experi-
ments method. Experimentation means changing 
the standard working conditions. The aim of this 
change is to find more appropriate working prac-
tices as well as to obtain more accurate and de-
tailed information about the processes, services, 
or characteristics of the product under study [13].

The experimental design specifies 3 basic 
characteristics, the so-called 3Ps:
 • the total number of trials of which the experi-

ment is composed,
 • the conditions for the execution of each 

experiment,
 • the order in which each experiment will be 

performed.

The most common approaches to the DOE 
method are:
 • the classical approach to DOE – examining all 

options,

 • statistical approach to DOE – it deals with only 
a part or segment of all possible variations.

In common practice, the statistical method of 
planned experiments is most often used. As it was 
mentioned below, this statistical method was pio-
neered by the Japanese mathematician Genichi 
Taguchi, who was dedicated to the application 
of statistics to improve the quality of processes 
and products. The main benefits of the planned 
experiments method:
 • reduction in the number of non-conforming 

processes or products,
 • reducing the cost of claims and mistakes,
 • improving product and process development, 

increasing quality,
 • reducing quality problems in production,
 • higher customer satisfaction [14, 15, 16]. 

DOE procedure

Experiment planning is, like many other 
tools, governed by the well-known PDCA (Plan-
Do-Check-Act) cycle (Figure 1). This cycle was 
first described by W. Edwards Deming, which is 
why the PDCA cycle is sometimes referred to as 
the “Deming cycle”. The goal of the PDCA cycle 
is to help improve the process in a clear and ef-
ficient way. As it was mentioned at the beginning, 
this cycle is divided into four parts:

The planning of the experiment can be divid-
ed into the following sub-phases:
 • analysis and planning of the experiment.
 • experiment design.
 • conducting the experiment.
 • analysis of the experimental results.
 • conclusions and possible decisions about the 

next experiment [17, 18]. 

A CASE STUDY ON THE APPLICATION 
OF DOE IN PRACTICE 

Why do companies address the noise made by 
parts? Customer requirements and specifications are 
very strict in this respect, and they are all focused 
on the comfort of vehicle users. Noise levels, spec-
tra and frequencies are a highly monitored parameter 
for all components that move in some way. Measure-
ments are carried out in laboratories on individual 
products as well as on finished vehicles. In some cas-
es, the requirements are so demanding that they can 
only be achieved at a disproportionately high cost, 
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which is of course passed on to the end customer, 
i.e. in the final price of the car. It is certainly worth 
considering whether it might sometimes be more ef-
ficient to discount requirements in some areas and 
use resources more effectively to address other prob-
lems. This whole situation has been exacerbated by 
the advent of increasingly mainstream electric cars. 
The reason for this is simple: when conventional 
internal combustion cars are in operation, some of 
the noise is hidden behind the noise generated by the 
internal combustion engine itself. With electric cars, 
this noise is eliminated, and the greater demands are 
placed on the products [19]. 

Practical application of the DOE 
method for the 5th Door Actuator

The 5th Door Actuator product was selected 
due to the detection of noisy pieces in the pro-
duction line. Due to the high production volume 
of this product, it was necessary to immediately 
start looking for the root cause of the problem and 
ensure it was eliminated in order to supply cus-
tomers with products that met their specifications.

Selection of appropriate factors for the 
application of the DOE method

For the correct application of the DOE meth-
od, it is essential to thoroughly analyse the entire 
process and take into account all potential causes 
of the defect. In this case, it is reporting from in-
ternal quality about a high increase of noisy parts 
on the assembly line. After verifying this informa-
tion, a team of internal specialists was convened 
from the responsible departments: development, 
production management, quality, technology, 
project management, maintenance management 
and production planning. After explaining the 
identified issue of increased noise for the 5th Door 
Actuator part, the IF/NOT method was applied. 
This method is very useful for simplifying the 
description of the problem and clarifying under 
what circumstances the problem occurs. An ini-
tial analysis using the IF/THEN method clarified 
the circumstances of the problems and applied 
another team method, the Ishikawa diagram. All 

Figure 1. PDCA circle diagram

Figure 2. Ishikawa diagram for the 5th Door Actuator
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was drawn up, reconvened to clearly define the 
main factors that will be emphasised in the ap-
plication of the DOE method. The team agreed 
to use the data from the left side of the Ishikawa 
diagram because they concluded that the most 
likely propagation of sound is from the enclo-
sure, which serves as a sounding board and car-
ries around noise from internal components that 
are in contact with it. The main factors and their 
levels are described in Table 1. Data from Table 
1 served as input variables. The total number of 
experiments to be performed was calculated by 
substituting into formula (1):
 n = 2k = 23 = 8 (1)

Minitab statistical software was used to create 
the factorial test plan. The tests and their com-
binations resulting from Table 1 were conducted 
according to the full factorial design described in 
Table 2. In order to maximise objectivity, all fac-
tors were calculated in Minitab.

Description of DOE outputs

To properly evaluate DOE, it is necessary to 
know which outcome factors were observed and 
how they were measured. The values of the out-
put factors were recorded in a modified Table 3, 
which was used to construct the full factor sched-
ule. A right hand column was added to this table 
to record the response.

The most important measured output from 
the DOE is the noise level emitted by the Door 

possible potential causes were first defined and 
entered the Ishikawa diagram. Next, the causes 
that seemed most likely to the team of experts 
were selected. The scoring method was used for 
this selection. Each team member was assigned a 
total of 6 points. These allocated points were to be 
assigned at his discretion to the causes he thought 
might be root causes. Each member had 6 points 
for the left and 6 points for the right side of the 
diagram. The constructed Ishikawa diagram for 
the problem at hand is shown in Figure 2.

Adding up the votes of all the points awarded on 
the left side of the diagram, it was found that the fol-
lowing 3 aspects contribute most to the problem of 
increased noise level of the Door 5 Actuator:
 • inappropriate method of snail production,
 • bearing in the housing,
 • bad material of the motor case.

The right part of the Ishikawa diagram jus-
tified why defects were not detected in the pro-
totype phase of the project. Again, 3 probable 
causes were selected for evaluation:
 • verification of correct EOL evaluation,
 • insufficient visual inspection – operator 

training,
 • insufficient quality control of the auger surface.

Selection of levels of defined factors

The team of internal specialists, with the 
same composition as when the Ishikawa diagram 

Table 1. Main noise manifestation factors, including their levels
Factor Level -1 Level +1

Motor case material PP/EPDM POM

Adding an ”O” ring to the motor bearing With a ring Without ring

Adjusting the shape or surface of the worm Shrinking Polished surface

Table 2. Full factorial plan

Selected experiment Motor case material Adding an ”O” ring to the 
motor bearing

Adjusting the shape or surface 
of the worm

1 - - -

2 + - -

3 - + -

4 + + -

5 - - +

6 + - +

7 - + +

8 + + +
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Actuator 5. This measured noise level must be 
within the limits set by the customer specification 
and 45 dBA is stated as the maximum accepted 
value. This is because passenger comfort would 
be reduced when closing the 5th door lid with a 
noisy actuator. 

For a part to be designated as i.O. (German 
for “in Ordnung”, or in order), the noise level 
must be within a maximum of 45 dBA. Any-
thing over this limit is discarded as a non-con-
forming product. These non-conforming parts 
are then analysed by the quality department. 
The higher the noise limit exceeded, the easi-
er the analysis is. Noises just above the limit 
cause the greatest problem.

Analysis of factor effects

Individual effects were determined by add-
ing or subtracting the response for each selected 

factor based on the assigned sign of the factor 
level and dividing the sum or difference by n/2, 
where n indicates the number of experiments. 

The Pareto diagram (Figure 3) below was 
constructed in the Minitab statistical software. 
The diagram shows the statistical significance 
of the individual factors. The dashed line in 
the graph indicates p-value < α. Factors not 
exceeding this red line have been removed 
from the model and it is recommended to pro-
ceed only with factors exceeding the dashed 
line. A line through the normal-probability 
effects plot below shows the normal distribu-
tion function. The factors that are close to or 
directly on the line are considered as unim-
portant. Conversely, the further away a factor 
is from the line, it is referred to as important. 
In this case, the graph shows that all factors 
closely surround the green line, except for fac-
tor C. This evaluation corresponds to the graph 

Table 3. Full factorial plan including response

Selected experiment Motor case material Adding an ”O” ring to 
the motor bearing

Adjusting the shape or 
surface of the worm Response (Yn)

1 - - - y1

2 + - - y2

3 - + - y3

4 + + - y4

5 - - + y5

6 + - + y6

7 - + + y7

8 + + + y8

Figure 3. Pareto diagram of the 5th Door Actuator from Minitab
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shown in Figure 4, where factor C exceeded  
p-value and can therefore be considered as the 
only significant factor.

Evaluation of the analysis, identification 
of problems and bottlenecks

Partial evaluation of the results    
of the DOE method for the Door Actuator 5

To test the theory that the material of the motor 
housing, the motor bearing and its housing or the 
shape of the worm is responsible for the increased 
noise of the part, the method of planned experiments 
was applied. Prior to this application, the output 
factors and their levels had to be determined. The 
evaluation of the application of the DOE method 
was carried out using Minitab statistical software. 

In evaluating the Minitab outputs, it was found that 
the measured values mostly exceeded the customer 
specification and were therefore above the 45 dBA 
limit. The only factor that confirmed a positive ef-
fect on improving the noise problem was the modi-
fication of the auger shape, which the company 
focused on and began to investigate the possibility 
of deploying this modification in series production 
(Figure 5). Further testing led the team to conclude 
that adding shrinkage to the auger proved to be the 
best option. This solution is also easy to apply to 
mass production.  A very interesting moment oc-
curred during the testing of the shrinking on the 
snail, when a second round of brainstorming was 
necessary. The idea was put forward that if the inter-
nal parts inside the Actuator 5 door covers are gen-
erating noise, perhaps it would be better to “keep” 

Figure 4. Normal probability plot of all effects

Figure 5. Detail of the shrinkage on the worm and the peripheral seal
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this generated noise inside the covers and not let it 
out through the joint between the covers. Therefore, 
an acoustic measurement experiment was attempted 
using an auger with a shrink fit and a plastic gasket 
was applied between the top and bottom covers. The 
result was an even greater reduction of 2 dBA in the 
Actuator’s acoustic performance. This resulted in an 
average sound level of 39–40 dBA, which is below 
or just at the customer’s accepted value (40 dBA). 
The ideal value is lower than the accepted value to 
provide a margin. This margin is necessary due to 
the manufacturing tolerances of all components that 
go into the part being measured.

Practical demonstration  of the execution  
of the planned experiment  
of the 5th Door Actuator

This section will describe how one of the ex-
periments was carried out in practice, specifically the 
combination of factors highlighted in blue in Table 4.

Before the practical execution of the experi-
ment itself, it was necessary to build a setup con-
taining the required variables according to Table 
4. The next step was the preparation of the equip-
ment necessary for the proper execution of the 
experiment; in this case, it was the preparation of 
the shockless chamber and installation of the test 
fixture with the scanning microphone inside the 
chamber, setup and connection of the laboratory 
power supply as well as calibration of the mea-
surement software, which was custom developed 
at the Technical University of Ostrava. 

Figure 6 shows the location of the Door 5 Actu-
ator in the measuring fixture, to which the scanning 
microphone is fixedly attached in a defined posi-
tion and the entire fixture is located in the shockless 
chamber. The measured data from the shockless 
chamber were evaluated directly in the software. 
The second option is to import the measured data 
into Excel, where it is possible to work with them 

Table 4. Combination of factors of the practical experiment of the Door 5 Actuator
Factor Level -1 Level +1

Bushing´s material PP/EPDM POM

Adding an O-ring to the bearing With ring Without ring

Adjusting the shape or surface of the worm Chamfer Polishing

Figure 6. 5th door actuator in the shockless chamber



72

Advances in Science and Technology Research Journal 2024, 18(5), 65–74

further, making various comparisons. Similarly, a 
great advantage of Excel is that by adjusting the in-
dividual measured values, the influence of these pa-
rameters on the result can be modelled in real time. 
This method is very often used in practice.

A comparison of the plots of the stock con-
dition and the modified part shown in Figure 7 
clearly shows the effect of the improvement. By 
further successive experiments according to Table 
4, it was found that the addition of shrinkage on 
the worm has the greatest effect, the other factors 
are not as significant and do not have a significant 
effect on the final result. 

RESULTS AND DISCUSSION

On the basis of the data above, the main fac-
tors contributing to the problem of increased 
noise level of Door Actuator 5 were identified us-
ing the JE/NENÍ and Ishikawa diagram methods. 
A full factorial plan was developed for testing us-
ing the DOE method, which was further evalu-
ated to identify the factors that contribute most to 
the problem at hand. 

The correctness of the optimisation of these 
identified factors was verified in the practical part, 
where the graph in Figure 7 clearly shows the im-
provement compared to the previous situation. The 
original condition had an average measured value 

of 50 dBA, the part after analysis and adjustment 
showed an average measured value of 41 dBA.

Elimination of the above-mentioned problem 
has significant economic implications for the com-
pany, as it is no longer necessary to monitor the 
noise level of 100% of the production, but only ran-
domly, which means an increase in the production 
stroke of the line. It also eliminates the high cost of 
reworking non-conforming parts, which was nec-
essary for the original condition of the parts.

In the practical part of the article, the work 
with the selected factors and their evaluation was 
presented. Furthermore, the equipment necessary 
for the evaluation of noise problems, such as the 
shockless chamber and the measurement soft-
ware, was also presented in this section.

From the results described above, it can be said 
that the use of the design of experiment method 
provides a structured and statistically based ap-
proach to experimental design and analysis, which 
leads to an increase in the reproducibility of results 
and the credibility of the findings obtained.

CONCLUSIONS 

In this paper, the results of authors’ study 
on the use of the design of experiment method 
to address the problem of noise in automotive 
components were presented. On the basis of the 

Figure 7. Comparison of measured values of Door Actuator 5
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conducted experiments and analyses, several im-
portant conclusions were drawn:

Key factors affecting the occurrence of noise 
in automotive components have been identi-
fied, including factors related to manufacturing, 
materials, design and assembly. Using the DOE 
method, it was possible to systematically investi-
gate these factors and their interactions, allowing 
us to identify the optimum conditions for noise 
minimisation.

Another conclusion is that the application of 
the DOE method has resulted in significant eco-
nomic and time savings. The number of experi-
ments required was minimised while maximizing 
the efficiency of experimental space utilisation, 
which allowed achieving the desired results with 
minimal cost and time. These outcomes further 
translated into significant improvements in the 
economics of manufacturing the analysed part.

The study also highlighted the practical ap-
plication of the DOE method in the automotive 
industry and demonstrated its ability to effective-
ly address real-world product quality and perfor-
mance issues. 

In the current competitive environment of the 
automotive industry, it is essential to use these 
modern methods such as DOE as they have a ma-
jor impact on speeding up the problem analysis 
process and reducing costs.
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