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Introduction

Vacuum cleaners are one of the most loudest and an-
noying household electrical appliances and has its acous-
tic signature as a very broadband frequency content with
several tonal components [1]. Even though there exist
some national and international norms which clearly pre-
scribe the placement of the suction tube and the body
of the vacuum cleaner for measuring the noise, such a
placement does not fully correspond to the actual user
case scenario. Therefore, this research work focuses on a
more end-user case oriented arrangement to analyze the
effect of placement of the suction tube and the body of
the vacuum cleaner on the perceived noise.

The research and development into vacuum cleaners
to make them quieter cannot be overlooked or discarded
as they are a very essential household appliance. Just
in 2021 alone, the worldwide sales of vacuum cleaners
reached a whopping $ 51 billion [2]. It is also interesting
to note that the noise generated by vacuum cleaners are
partially of mechanical, electrical and aerodynamic of na-
ture [3, 4, 5]. The mechanical and the electrical noises are
contributed by the electric motors present inside the can-
ister of the vacuum cleaner. Whereas, the aerodynamic
noises are caused by the high velocity airflow through the
suction tubes and present themselves as inlet noise.

There are various publications around vacuum cleaner
noise which quantify the nominal noise that a vacuum
cleaner produces to range from 65 dB(A) to 90 dB(A).
Some vacuum cleaners are marketed as being the qui-
etest ones with around 57 dB(A) as well [6]. But the
background of this research work was that there was no
unified norm or that each research work tries to adapt its
own research methodology and that there is a wide gap
between the available norm and the available literature.

Literature

DIN EN 60704

The DIN norm DIN EN 60704 [7] for household and
similar electrical appliances — Test code for the determi-
nation of airborne noise — Part 1: General requirements
(IEC 60704-1) is a widely used standard for measuring
the noise from a vacuum cleaner. Wherein part 2-1: Par-
ticular requirements for vacuum cleaners the placement
of the suction tube for the noise measurement is clearly
prescribed. It is interesting to note that the DIN norm
defines that the suction tube be placed near the body of
the vacuum cleaner. The placement of suction tube as
per DIN EN 60704 is depicted in Figure 1.
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Figure 1: Suction tube placement as per DIN EN 60704 [7]

Existing research work

Even though DIN EN 60704 is standardized as a norm,
there are no unified perception among the research liter-
ature as it widely differs from the real time user case
scenario. At the same time many of the research publi-
cations place the vacuum cleaner in a more user-related
condition. The research works of two different authors
were studied. Ih et al [8] places the suction tube of the
vacuum cleaner 2 m away from the body and measures
the noise from a distance of 4 m. Kumar et al [9] places
the microphone in the center of the room and moves the
vacuum cleaner along a straight line to model a more
realistic scenario.

Research Question

Since the norm is not always followed for measurements
within the research community, it raises a scientific ques-
tion as to whether it really models the real time user
case scenario as close as possible? Therefore, a research
methodology in the form of a scientific hypothesis was
proposed which assumed that the body of the vacuum
cleaner produces greater noise than the suction tube be-
cause of the presence of electric motor and other compo-
nents, whereas, the suction tube produced only the inlet
noise. It was discussed in the previous section that the
DIN EN 60704 norm places the suction tube together
with the body of the vacuum cleaner to assume a single
source of noise for the ease of measurement but such an
arrangement might not be perpetually correct as it does
not capture the actual user case scenario. Therefore, this
hypothesis assumed that there was a significant difference
between the two noise sources which the user could dif-
ferentiate by moving the suction tube to and away from
the body of the vacuum cleaner.



Data analysis
Design of Experiments

For validating the hypothesis, two different experi-
ments were performed. The first experiment was done
with the following input variables,

- Three different vacuum cleaners belonging to differ-
ent manufacturers and price category with different
overall sound qualities anonymized as — A, B, C.

- Three different measurement methods — as per DIN
EN 60704, Ih et al, own research method.

In the second experiment, the noise with and without
the suction tube was analyzed. The arrangement as per
the own research method is illustrated in Figure 2.

Figure 2: Arrangement as per the own research method

Hypothesis testing

The purpose of hypothesis testing is to draw conclu-
sions about an entire population based on a representa-
tive sample data and to determine if there exists sufficient
proof in favor of a certain hypothesis. The null hypothe-
sis (Hp) assumes that there was no difference in the over-
all magnitude of the Sound Pressure Level (SPL) and
the psychoacoustic Annoyance by varying between the
specific independent variables, i.e., the mean of vacuum
cleaners (py ) and measurement methods (ugxp) were
comparable. An alternate hypothesis (Hp) assumes the

contrary. Hy : pyc = ppxp and Hy : pyc # pexp.

Experiment 1
Objective analysis

The objective SPL measured for the various trials are
summarized in Table 1. The main effects plot is illus-
trated in Figure 3.

Main effects plot for SPL in dB(A)
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Figure 3: Main effects plot for SPL
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Table 1: Objective SPL for the various trials

Vacuum | Measurement SPL
Cleaners Method dB(A)

DIN 63.7

A Th et al 48.9

Own method 56.1

DIN 73.9

B Th et al 59.2

Own method 67.4

DIN 68.7

C Ih et al 53.9

Own method 61.3

It can be observed that vacuum cleaner A was qui-
etest while vacuum cleaner B was the loudest.

The p- and F-values corresponding to the vacuum
cleaners and measurement methods were 0.00, 0.00,
752.39 and 1456.72 respectively.

From the data, the assumed null hypothesis was re-
jected and the alternate hypothesis was accepted.

Observing the F values, it was evident that the con-
tribution of the measurement method had a higher
significance than the vacuum cleaners themselves.

Subjective listening test

Subjective assessments were conducted as jury tests
to factor in the cognition that takes place in the human
mind for the descriptor Annoyance. To gauge in the var-
ious parameters and to diversify the statistical popula-
tion, 17 distinct jurors were heterogeneously chosen from
across various age groups, multiple ethnic backgrounds
with a mixed prior knowledge to technical acoustics and
were asked to subjectively assess the audio files, one stim-
uli per each trial on a 9-point category scale. The audio
files were adjusted to match the original levels before
playback and were repeated thrice to every participant
in a randomized manner. The psychoacoustic annoyance
was quantified for the various subjective trials and are
summarized in Table 2. The box plot and main effects
plot for annoyance are depicted in Figures 4 and 5 re-

spectively.

Table 2: Quantification of psychoacoustic annoyance
Vacuum | Measurement Mean
Cleaners Method Annoyance

DIN 57

A Th et al 18
Own method 31

DIN 87

B Th et al 52
Own method 78

DIN 70

C Th et al 30
Own method 46

- Figure 4 shows the box plot for the psychoacoustic
annoyance for the different vacuum cleaners for the
different measurement conditions. It showcases that
the trend is similar to the objective analysis.
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Figure 4: Box plot for Annoyance

Main effects plot for Psychoacoustic Annoyance
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Figure 5: Main effects plot for Annoyance

- As per the jurors preference, vacuum cleaner B was
always more annoying than the other two vacuum
cleaners.

- It was also interesting to note the trend that the par-
ticipants always perceived the noise measured as per
the DIN norm to be more annoying. Most because
the sound sources were grouped together which in-
creases the overall SPL and hence the annoyance.

- Comparing A1 with A8 and C1 with C3, for the
same vacuum cleaner with the microphone placed
at 1 m, the measurements made as per DIN norm
was perceived to be more annoying.

- This trend was statistically validated as well by the
main effects plot shown in Figure 5. The p- and
F-values corresponding to the vacuum cleaners and
measurement methods were 0.00, 0.00, 45.94 and
45.09 respectively.

- By comparing the mean of the measurements, it was
observed that the participants always perceived the
noise measured as per the DIN norm to be more
annoying.

- This reinforces the fact that the assumed scientific
hypothesis was true, that there was a significant dif-
ference between the two noise sources, which the
end-user could differentiate by moving the suction
tube to and away from the body of the vacuum
cleaner.

Data correlation — SPL Vs Annoyance

Figure 6 shows the statistical correlation between the
objective SPL and the subjective psychoacoustic annoy-
ance. KEven though the result was expected, they had
an excellent correlation with a correlation value R? =
94.85%.

Figure 6: Correlation between SPL and Annoyance

Experiment 2

The second part of the experiment was done to under-
stand the effect of the noise contribution of the suction
tube on the overall noise level of the vacuum cleaner. In
addition to the microphone which was placed at the 1 m
distance, two other microphones were placed as a near
field microphone near the body and the suction tube of
the vacuum cleaner to capture the noise generated from
the body and the suction tube respectively. Table 3 sum-
maries the overall SPL for all the trials and Figures 7,
8 and 9 represents the averaged FFT spectrum for the
three different vacuum cleaners A, B and C measured
with and without the suction tube.
Table 3: Noise source contributions for the vacuum cleaners

Vacuum | Measurement O.v erall SPL
Cl Positi in dB(A)
eaner os1tion With Without
Suction | Suction
Tube Tube
Front 56.1 49.7
A Body 61.0 65.2
Tube 72.4 46.7
Front 67.4 63.6
B Body 74.4 77.2
Tube 82.3 56.1
Front 61.3 61.1
C Body 71.3 745
Tube 76.9 54.0
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Figure 7: Averaged FFT for vacuum cleaner A
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Figure 8: Averaged FFT for vacuum cleaner B
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Figure 9: Averaged FFT for vacuum cleaner C

It was very evident that most of the contribution was
from the suction tube because of the aerodynamic
and turbulent inlet noise with the overall SPL at
the suction tube reducing drastically by about 30
dB(A) after removing it.

Anyhow, a drastic shift in the frequency spectrum
was not observed in all the three vacuum cleaners
and only a reduction in the overall noise level was
observed.

Discussions

For Experiment 1, analysing from the several statis-
tical tools, it was proved that the data was indeed
statistically significant.

The main effects plot shows a trend similar to that
of the measurements made as per DIN EN 60704,
that it was the most annoying.

Since there were no interaction between the different
predictor variables the interaction effect and plot are
not discussed in this research work.
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- For Experiment 2, the noise measured with and
without suction tube indicates that the suction tube
contributes to the loudest noise relatively to the
body of the vacuum cleaner.

- This shows that the assumed scientific hypothesis
was wrong and that the suction tube contributes sig-
nificantly to the overall noise, but it was indeed par-
tially correct that the users were able to differentiate
between the different noise sources.

- Though the DIN EN 60704 norm is not a true repre-
sentative of the end user case perspective, it is stan-
dardized as a norm as it couples the suction tube
and the body of the vacuum cleaner together and
models the worst case scenario.

Acknowledgement

This research project is supported by the Federal Min-
istry for Economic Affairs and Climate Action (BMWK)
on the basis of a decision by the German Bundestag.

References

[1] Altinsoy, E: An Experimental Study on Vibro-
Acoustic Characteristics of a Wet and Dry Type
Vacuum Cleaner. 7th International Congress on
Sound and Vibration. Germany, 2000

[2] Vacuum cleaners revenue worldwide, URL:
https://www.statista.
com/forecasts/1239079/
vacuum-cleaners-revenue-worldwide-global

[3] Cudina, M: Noise generation by vacuum cleaner suc-
tion units Part I. Noise generating mechanisms — An
overview. Applied Acoustics 68 (2007) 491-502

[4] Cudina, M: Noise generation by vacuum cleaner suc-
tion units Part II. Effect of vaned diffuser on noise.
Applied Acoustics 68 (2007) 503520

[5] Cudina, M: Noise generation by vacuum cleaner suc-
tion units. Part III. Contribution of structure-borne
noise to total sound pressure level. Applied Acous-
tics 68 (2007) 521-537

[6] AEG AG. URL:
https://www.aeg.de/local/promotions/
oekostaubsauger-vx8.2/

[7] DIN EN 60704-1: Elektrische Geréte fiir den Haus-
gebrauch und &hnliche Zwecke — Prifvorschrift
fir die Bestimmung der Luftschallemission — Teil
1: Allgemeine Anforderungen (IEC 60704-1:2010);
Deutsche Fassung EN 60704-1:2010

[8] Ih, J: Experimental design and assessment of prod-
uct sound quality: application to a vacuum cleaner.
Noise Control Engineering Journal, 51 (4), 2003
Jul-Aug

[9] Kumar, S: Psychoacoustic Analysis of Vacuum
Cleaner Noise. Acoustics 2021, 3, 545-558. URL:
https://doi.org/10.3390/acoustics3030035



