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Abstract: Vacuum cleaners are one of the most widely used household appliances associated with
unpleasant noises. Previous studies have indicated the severity of loud vacuum cleaner noise and
its impact on the users nearby. The standalone quantified measurements of the generated noise
are not sufficient for properly characterizing vacuum cleaners. Human perception should also be
included for a better assessment of the quality of sound. A hybrid approach such as psychoacoustics
analysis, which comprises subjective and objective evaluations of sounds, has recently been widely
used. This paper focuses on the experimental assessment of vacuum cleaner noise and evaluates their
psychoacoustical matrices. Three vacuum cleaners with different specifications have been selected as
test candidates, and their sound qualities have been analyzed. Statistical analysis, ANOVA, has been
performed in order to investigate the effectiveness of individual psychoacoustic metrics.

Keywords: vacuum cleaner noise; sound pressure level; psychoacoustic analysis; analysis of variance
(ANOVA)

1. Introduction

Electromechanical home appliances are being used in almost every house, such as
fans, hair driers, grinders, juicers, microwave ovens, and vacuum cleaners. The vacuum
cleaner is one of the most frequently used home appliances, generating unpleasant noise
during operations. Many people ignore one crucial aspect, namely the noise level rating,
when buying a vacuum cleaner. The noise is mainly emitted from the built-in suction
units of the vacuum cleaners, exhaust fan, airflow, and the surface vibrations during
the operation [1]. The suction unit generally consists of a driving electric motor and a
centrifugal blower. A vanned diffuser is installed in the hose in some equipment to achieve
a high-pressure rise during the operation. A detailed description of typical vacuum cleaner
noise generation source(s) can be found in various publications [2-5]. The sound pressure
level of working vacuum cleaners varies from 65 dB (A) to 90 dB (A). Long-term exposure
to excessive levels of noise >80 dB (A) can result in adverse human health issues, such as
mental stress, fatigue, psychological disorders, hearing loss, high blood pressure, coronary
heart disease, sleeping disorder, hypertension, obesity, cognitive impairment in children,
and diabetic type I and II [6-8]. The risk is typically low for regular usage, but extended
professional cleaners will be exposed to higher risks.

The European Union (EU) recently released eco-design regulation guidelines related
to energy consumption and noise levels for vacuum cleaners. The maximum motor and
peak noise levels for any vacuum cleaners in operation are limited to 900 W and 80 dB
(A), respectively [9,10]. However, manufacturers have reported their concerns for the full
implementation of those directives because the noise levels are sometimes psychologically
misinterpreted by the users to be indicative of the cleaning capacity of the vacuum cleaners.
Symanczyk [11] pointed out the paradox with vacuum cleaner sounds: “you can make
them very silent, but then they will not be perceived as very powerful”. Some vacuum
cleaners that failed to meet EU guidelines are still available in the market for sale [12].
In recent times, the European Union has released strict directives for vacuum cleaner
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manufacturers to reduce operating noise. Moreover, the International Labor Organization
(ILO) (Geneva, Switzerland) has regularly suggested that employers should regularly
monitor vacuum cleaner noise. If noise is intrusive, employers will probably need to find a
solution to the noise [13].

Owing to these international regulations, a comprehensive assessment of sound qual-
ity for commercial vacuum cleaners is necessary. In this regard, several research studies
have been reported [14]. Researchers started from the measurement of sound pressure
levels of the generated noise and assessed the performance of the equipment as per inter-
national regulations (Laeq < 80 dB of the 8 h daily occupational noise exposure). However,
the standalone sound pressure level data are not sufficient for the conclusion made for the
noise severity levels because human perception of the surrounding noise differs from the
quantified sound levels. The human perception of sound considers subjective and objective
elements and may vary from person to person. Apart from the sound intensity of the
noise, other subjective parameters, such as environmental conditions and psychoacoustical
parameters (loudness, sharpness, roughness, fluctuation strength, and tonality), need to be
incorporated in the sound quality assessments [15,16].

Psychoacoustic parameters are used to describe different noises caused by the different
subjective feelings about objective physical quantities [17]. In recent years, psychoacoustical
studies have become more common for household appliances, including vacuum clean-
ers [18,19], hairdryers [20], fan noise [21], washing machine noise [22], air conditioning,
and refrigeration equipment noise [23]. In addition, psychoacoustic metrics have been used
for other noise sources such as dental equipment noise [24] and centrifugal pumps [25].
Ih et al. [19] experimentally investigated the product sound quality of the vacuum cleaner.
First, the Taguchi orthogonal array method, an experimental design technique, was utilized
to assess the frequency range that described the sound quality of the vacuum cleaners.
Then, a psychoacoustic model ‘annoyance index” was developed by using linear regression
analysis. The developed model was further validated by the artificial neural network
(ANN), which is an artificial intelligence-based technique. Takada et al. [20] conducted
a psychoacoustic assessment for the economic evaluation of the sound quality index for
vacuum cleaners and hair dryers. Conjoint analysis was used to evaluate the buying
willingness of these items based on generated noise. It was reported that an individual’s
purchasing willingness increased for the equipment with lower values of sound pressure
level and sharpness. Rukat et al. [5] investigated the effect of operating conditions on
vacuum cleaner noise. They reported that the vacuum cleaner emitted a higher noise level
while working on a flat surface such as terracotta than working on the carpet. Their con-
clusion was based on the measurement of A-weighted sound pressure levels of the tested
vacuum cleaners. Novakovic et al. [26] investigated the sound quality of the vacuum
cleaner’s suction unit, which is the main element of noise generation. Jeong et al. [27]
investigated the sound quality index of six commercial vacuum cleaners available in Korea.
More recently, Hatta et al. [28,29] performed a subjective evaluation test to assess the
robot vacuum cleaner sound. The experiment was conducted under two different hearing
settings called ‘active” and “passive’. In an active setting, the participant was aware of
the vacuum cleaning operation while the passive participant was unaware of the vacuum
cleaner operation, and the noise was perceived in passive mode. The result revealed that
the participants felt more uncomfortable in the passive condition than the active condition.
These reported works confirm the broad applications of the psychoacoustic assessment
of noise.

In this work, we have performed an experimental assessment of the psychoacoustic
characteristics of commercially available household vacuum cleaners. Three dry-type
vacuum cleaners from different manufacturers are selected, and their acoustic performances
have been investigated. In the study, we first measured the noise levels generated from the
chosen vacuum cleaners. Then, the recorded data were used to evaluate psychoacoustic
matrices, namely loudness, sharpness, roughness, and fluctuation strength.
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2. Psychoacoustic Factors: Definitions
2.1. Loudness

Loudness is one of the essential subjective parameters of psychoacoustic analysis.
Loudness is slightly different from the sound amplitude. The sound amplitude is a mea-
sured sound intensity in decibel value, whereas loudness is the psychological aspect of the
measured sound pressure level. The microphone-perceived sound quantifies the former,
and the latter involves the human perception of the sound. Interestingly, the human ear can
perceive different frequencies at different sound pressure levels as equally loud. This is due
to the differing sensitivity of the human ear within the hearing domain. In 1933, Fletcher—
Munson developed equal loudness curves to accurately define perceived loudness across
all frequency spectrums within the human hearing domain. The loudness level of a sound
is the sound pressure level of a 1 kHz tone in a plane wave and frontal incident that is
as loud as the sound [30]. It is expressed in phon or sone. The phon is a unit of loudness
representing equal loudness to a 1000 Hz pure tone, whereas sones are defined as the
loudness perceived by typical listeners when confronted with a 1000 Hz tone at a sound

pressure level of 40 phon. The loudness level in sones can be calculated from the relation
(Phon—40) . . . . .
sone = 2 50 . The loudness calculation is made by various international standards,

such as ISO 532-1:2017 and DIN 45631, which are also available in multiple inbuilt sound
processing software.

2.2. Sharpness

Sharpness delineates the human sensation caused by high-frequency components
of the noise. The unit of sharpness (S) is acum. A narrow band noise at 1 kHz with a
bandwidth of <150 Hz and a sound level of 60 dB is defined as one acum. The variability
of sharpness depends upon the specific loudness distribution of the sound. It is calculated
as a weighted area of loudness from the following relation [30]:

24 Bark
IN TN dz

S =011

[acum] @

where N’ is the specific loudness that exhibits the loudness distribution across the critical-
_ 1; for f <3 kHz . o . .
bands, g(z) = { 4 for3KHz < f < 20 kHz is the weighting function, and z is the

critical-band rate defined by Eberhardt Zwicker.

2.3. Fluctuation Strength and Roughness

When multiple tones are modulated or combined to form a single sound, the sound
level rises and falls over time. These sound level fluctuations arise from the constructive
and destructive interferences of the tones for a different frequency. Examples of such sounds
could be the siren from an ambulance or the rumbling of a car engine. The amount of sound
modulation determines the sensation that is perceived by the human ear. This sensation
can be modeled by two analytical parameters: fluctuation strength and roughness [14].
These psychoacoustic matrices quantify the amount of sound modulation based on the
following aspects: modulation frequency—the number of rises and falls in the sound per
sound; and modulation level—the perceived magnitude level change over time.

The fluctuation strength describes 20 modulations per second or less (between 0.5
and 20 Hz). The roughness is perceived as the sensation of rapidly modulated sound
or vibration in the modulation range between 20 and 300 times per second (20-300 Hz).
In terms of the human hearing domain, the ear can pick up modulations below 20 Hz
and anything beyond it perceived as a stationary and rough tone. These two metrics can
invoke individual sensory perceptions. For instance, a tone with high fluctuation strength
is regarded as an alert (fire alarms and sirens).

By contrast, high roughness has been used in automotive industries to accentuate the
sportiness of the vehicle. The units used to describe fluctuation strength (F) and roughness
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(R) are vacil and asper, respectively. One vacil is defined as a tone with a sound pressure
level of 60 dB at 1 kHz modulated by 100% at a modulation frequency of 4 Hz. On the other
hand, one asper represents the roughness produced by a pure tone at 1000 Hz and with a
SPL of 60 dB, which is modulated by 100% modulation depth and modulation frequency
(finoa) of 70 Hz.

The roughness of sound can be estimated from the following equation [30]:

24 Bark
R = Qx / fmod AL dz [asper] 2)
0

and the fluctuation strength is determined from the following equation:

0.008 x [P £ 04 AL dz

() + (1)

where AL is the perceived masking depth and Q is the calibration factor.

[vacil] (©)

3. Experimental Layout and Methods
3.1. Test Environment

The experiment was carried out in a Vibration/Dynamics Laboratory room located
at the National University of Singapore. The room was 5.9 m x 8.3 m in size with two
doors and several cabinets surrounding three sides of the walls. There were four tables in
the room, and various equipment was placed onto the tables. Figure 1a shows the floor
plan and the photo of the test room. The room was selected for noise assessment since it
possessed similar size and obstructions to a living room, representing a typical operating
environment for a vacuum cleaner. However, in order to avoid any interference, the room
condition was kept constant throughout the measurement. Moreover, the external noise
was minimum and confirmed by the sound level meter.

(@)

TESTING WALKWAY
El

| ¥ |

")

Dyson Cyclone V10 Xiaomi Cleanfly Gen 2

At initial position

At final position

Figure 1. (a) Schematics of experimental setup plan. (b) Photographs of the three different vacuum
cleaners. LG V-CP243NB (model type 1), Dyson Cyclone V10 (model type 2), and Xiaomi Cleanfly
Gen2 (model type 3). (c) Photographs of the testing room displaying the vacuum cleaner positions.
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3.2. Test Appliances

Three different manufacturers of dry-type vacuum cleaners were selected for the
psychoacoustic studies. The manufacturers launched the selected vacuum cleaners in three
different periods. The LG V-CP243NB is the oldest model, while the Dyson Cyclone V10
and Xiaomi models are recently launched. Figure 1b shows photographs of the selected
models. LG V-CP243NB is a traditional vacuum cleaner that includes a suction unit on the
sled and a flexible hose for transporting the dust. The power consumption is 1400 W with
a single power setting. Dyson Cyclone V10 is an upright vacuum cleaner known for its
fourteen patented concentric cyclone feature that allows efficient and accelerated airflows
for capturing microscopic particles as small as 0.3 microns. Their digital motor consumes
525 W to generate 125,000 rpm motor speed for 151 air watts suction power. It comes
with three power settings to suit different tasks, and the running time is up to 60 min.
The overall weight of the device is 2.5 kg. The Xiaomi Cleanfly Gen 2 is a portable wireless
handheld vacuum cleaner. It consists of a brushless DC motor with a maximum rotation
speed of 100,000 rpm with a total power consumption of 120 W. The Xiaomi Cleanfly comes
with two-speed settings for different applications. It can develop a maximum suction
pressure of 16.8 kPa and a compact design with an overall weight of 560 g. The product
specifications of these three vacuum cleaners are listed in Table 1.

Table 1. Product specifications of the used vacuum cleaners.

Specifications LG V-CP243NB Dyson Cyclone V10 Xiaomi Cleanfly Gen2
Annotation used Model type 1 Model type 2 Model type 3
Power rating (Watt) 1400 525 120
Suction pressure (air Watt #) NA * 151 ~100
Motor speed (R.P.M.) NA * 125,000 100,000
Overall weight (kg) 3.5 2.5 0.56

* NA = Not available; * Air watt: the amount of Watts used by the vacuum cleaner to carry a unit of air through an opening (nozzle) [31].

3.3. Test Equipment and Signal Processing

A handheld data acquisition system recorded ambient and vacuum cleaner noise
(The Simcenter SCADAS XS-Siemens®). It can acquire dynamic data simultaneously at
50,000 samples per second on up to 12 active channels. The portable hardware was con-
nected with a binaural headset and a central microphone. The central microphone was
kept over the SCADAS instrument. The headset was equipped with two microphones posi-
tioned at both ears to conduct binaural recordings. A ;" pressure field central microphone
(PCB) was also connected with the data acquisition system. The data recorded from the
binaural headset reflected the noise influence on the vacuum cleaner user. At the same time,
the regular microphone was used to capture the noise effect from the vacuum cleaner to the
surrounding occupants. The SCADAS system was remotely controlled by the Simcenter
Testlab Scope App software installed on an Android-based Samsung tablet. The recorded
data were post-processed in the LMS test lab software (Siemens®), and psychoacoustic
factors were evaluated.

For the noise measurements of the vacuum cleaners, the walking test was preferred
over the static test. This is because suction noise and the noise generated from the inter-
action between the vacuum cleaner and the floor are both considered in the walking test
methods. On the other hand, only suction noise is measured in the static test. A SCADAS
XS and a central microphone were placed on the table (Figure 1a). The central microphone
was used to investigate the noise annoyance towards the surrounding occupants. Moreover,
a set of binaural headphones was placed on the test personnel’s shoulder to recreate the
sound disturbance perceived by the user. The central microphone was kept at a distance
of 1 m away from the walkway. The operator’s walking distance was limited to 3 m.
The microphones were calibrated by using a standard sound calibrator. The test personnel
operated the vacuum cleaners while walking at a linear distance of 3 m, and the noise
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was recorded. Prior to this, background noise was first recorded in the same experimental
condition, and the results were used for comparison with the acoustic characteristics for a
vacuum cleaner noise. Table 2 enlists the annotations used to represent the microphones
and motor speed settings.

For equivalent sound pressure level calculations, a total of 20 sound pressure level
readings (SPL) were recorded at an interval of 30 s in 10 min, and their minimum and
maximum SPL were calculated. From these data, the equivalent continuous noise levels

Laeq were calculated by using the following expressions Laeq = 10log <% YN 100-1(L:) ) ,

where N is the number of observations in the reference time interval and L; is the sampled
values of the pressure level in decibels [32].

Table 2. Annotations used in the study.

Annotations Descriptions
C1 Centre Microphone
C2 Right Ear Microphone (from the headphones)
C3 Left Ear Microphone (from the headphones)
S1 Minimum motor speed setting of vacuum cleaners
S2 Maximum motor speed setting of vacuum cleaners
V1, V2, and V3 Vacuum cleaner model types 1, 2, and 3, respectively

4. Results and Discussion
4.1. Acoustical Performances

Figure 2a—e depicts the measured A-weighted sound levels spectra (one-third octave)
for the three different vacuum cleaners: model type 1, model type 2, and model type
3, respectively. All measurements were performed at the same venue, under similar
environmental conditions, and by the same person. Each experiment was repeated ten
times, and their average values have been considered in the study. As shown in Figure 2a,
the noise level of the model type 1 vacuum cleaner is at the maximum in the mid-range
frequencies (500-2000 Hz). The Equivalent pressure levels Laeq for C1, C2, and C3 are
77.4 dB, 90.4 dB, and 80.6 dB, respectively. In model type 2, the maximum noise level
is observed in the mid-frequency range at both speed settings. Moreover, as shown in
Figure 2b, the equivalent pressure levels are measured to be 69.8 dB, 86.2 dB, and 70.7 dB for
C1, C2, and C3 in the minimum setting, respectively. As shown in Figure 2¢, the equivalent
sound levels L Aeq are 75.4 dB, 94.8 dB, and 76.3 dB for C1, C2, and C3 in the maximum
setting, resepctively. Figure 2d,e shows the sound pressure level spectrum obtained from
the model type 3 vacuum cleaner. It is observed that the maximum sound level values lie
within mid-range frequencies in both speed settings S1 and S2. The Laeq is 64.1 dB, 79.6 dB,
and 70.4 dB for C1, C2, and C3 in the minimum setting, while the LAeq is 71.2 dB, 90.0 dB,
and 79.2 dB for C1, C2 and C3 in the maximum setting.

4.2. Psychoacoustic Performance

Figures 3-5 shows the results of psychoacoustic metrics (loudness, sharpness, fluctua-
tion strength, and roughness) obtained from the recorded sound levels of vacuum cleaner
units. Figure 3a shows that the maximum perceived sound intensity is at the user’s right
ear and is about 109 sone, as it was located near to the vacuum cleaner (model type 1).
Moreover, the user’s left ear C3 experienced slightly higher loudness than the surrounding
occupants C1. Furthermoer, C1 has larger sharpness values than C2 and C3, implying
that the sharpness was the highest for the surrounding occupants (Figure 3b). In Figure 3c,
the user’s right ear (C2) encounters the highest roughness value in the 30-300 Hz modu-
lation frequency. Furthermore, the fluctuation strengths captured are nearly identical in
all microphones.
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Figure 2. Sound pressure level spectra of three different vacuum cleaners: (a) Model type 1, (b) Model type 2 at minimum
speed setting S1, (c) Model type 2 at maximum speed setting S2, (d) Model type 3 at minimum speed setting S1, (e) Model
type 3 at maximum speed setting S2. All data are plotted on a log?2 scale.
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Figure 3. Psychoacoustic parametric values for the vacuum cleaner (model type 1). (a) Loudness,
(b) sharpness, (c) roughness, and (d) fluctuation strength.



Acoustics 2021, 3

552

(a) - (b) 28

[—8—(C1S] —— (251 —&— (351 —v—C1S2 —+— (252 —>—C352‘

Loudness [sone]
N
3 &
g
L

Sharpness [acum]

30 -
20 L | | | | | |
0 2 4 6 8 10 12 14
Time [sec]
(c) 08

—8—(1S] —— (251 —A— (351 —¥—C152 —4— (252 —»— (352

Roughness [asper]|

0 2 4 6 8 10 12 14
Time [sec]

g
S

Fluctuation Strength [vacil]

Model Type 2

—&—(C]S] —8—(C2S] —A&— (351 —v— (152 —4— (252 —»— CSSZ‘

0 2 4 6 8 10 12 14
Time [sec]

T
—8—(C1S] —8— (C25] —&—(C35] —¥— C152 —4— C252 —»— (352

.
2 4 6 8 10 12 14
Time [sec]

Figure 4. Psychoacoustic parametric values for the vacuum cleaner (model type 2). (a) Loudness,
(b) sharpness, (c) roughness, and (d) fluctuation strength.

Model Type 3
@ ® -
80 L —=—(C1S] —@— (251 —&— (351 —%— (152 —4¢— (252 +C352L 255 ‘+ C151 —8— 251 —h— (351 —9— C152+C252+C352"
250
70 b 245
0 — 240
goof 1 E
£ 3 235
9, il
é 50 g § 2.30
_g c
O B2
= WW & 220
0L | 215
W““W 210
2w 1 2,05
: : . . \ A . . \ : : .
0 2 1 6 8 10 12 14 0 2 4 6 8 10 12
Time [sec] Time [sec]
© @

[—— (151 —@— (251 —&— (351 —¥— C1S2 —4— (252 —»— (352

Roughness [asper]

4'/

Y

—=— (151 —8— (251 —A—(C351 —¥—C1S2 —4—C252 —P—CSSZ‘

Time [sec]

Time [sec]

Figure 5. Psychoacoustic parametric values for the vacuum cleaner (model type 3). (a) Loudness,
(b) sharpness, (c) roughness, and (d) fluctuation strength.

The model type 2 surprisingly revealed a maximum loudness value of 118 sones to
the user’s right ear at the maximum speed setting S2. A second highest perceived sound
intensity was observed at the user’s right ear but in the minimum rotation speed setting S1
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(Figure 4a). The other two microphones, C1 and C3, have a slight variation in their loudness
values in both speed settings. Furthermore, as shown in (Figure 4b), the sharpness value
for the C3 microphone was the lowest over the period at lower speed setting S1, while for
the right ear microphone C2, the sharpness value was higher than that of C1 except for
few periods. A similar trend was observed at a higher speed setting S2. Since the user had
kept the vacuum cleaners on the right hand during the operation, the lower sharpness
value for the left ear’s C3 microphone may be attributed to the lower sharpness value.
Moreover, there was no statistically significant difference in roughness values between
each configuration (Figure 4c). The user’s right ear microphone attained the slightly higher
roughness value of recorded sound at both speed settings. Since the roughness varies with
time, it may be possible that the variation with time had a more significant effect than the
difference in motor speed and recording position (listening position) compared to other
psychoacoustic parameters.

Similarly, as shown in Figure 4d, the fluctuation strength values were not significantly
dependent on the microphone positions. However, some variations in measured values
were observed with time. Their difference in fluctuation strength was within 0.25 vacil.

For the third vacuum cleaner system (model type 3), the highest loudness value of
78 sones is recorded in C2 for both speed settings (Figure 5a). It can be observed that
the sound intensity perceived by the user’s right ear C2 is higher than by the left ear
C3 and surrounding occupants C1 regardless of the equipment types and speed settings.
For sharpness values, the occupant’s microphone C1 was perceived to be the highest
among all microphones at each set (Figure 5b). While for the right and left ear microphones,
the sharpness values were not significantly different. However, some significant peaks
could be observed at several periods.

Similarly to the model type 2 vacuum cleaners, the roughness (Figure 5c) and fluctu-
ation strength (Figure 5d) depended on the operation time for the model type 3 system.
These parameters did not deviate much between different locations and speeds, indicating
that they have close amplitude variations.

4.3. Comparative Analysis

Figure 6 presents the comparative results of psychoacoustics parameters for three
vacuum cleaners. As shown from Figure 6a, model type 1 produced the highest loudness for
the surrounding occupants C1 (41.5 sone), followed by model type 2 (36.7 sone) and model
type 3 (17.6 sone) at the maximum and the minimum settings. In addition, the loudness
captured at the right-side ear mic C2 was higher than the left ear mic C3. Since the vacuum
cleaner was operating on the user’s right hand (Figure 1a), the person’s body might obstruct
the path of the sound wave in reaching the left ear. The most substantial loudness impact
towards the user’s right ear resulted from model type 2 at the maximum setting (C252)
with a value of 110 sone.

Loudness is the psychological counterpart to sound pressure level. The sound pres-
sure level is a physical quantity perceived by the microphones, whereas loudness is a
psychological quantity perceived by humans. As shown from the loudness spectra, the av-
erage loudness values sensed by the right ear for model type 1 and model type 2 vacuum
cleaners were higher irrespective of multiple speed ratings. Hence, these vacuum cleaners
could be considered as the loudest among them.

Figure 6b shows the average sharpness values perceived by surrounding occupants
and the user’s ears. As shown, the average sharpness values perceived by surrounding
occupants C1 in the model type 1 system were the lowest (2.07 acum), and model type 2
and model type 3 produced higher sharpness with the respective values of 2.37 acum
and 2.35 acum. Moreover, contrary to loudness, the sharpness measurements did not
significantly differ between the left and right ears. The average sharpness values measured
by C2 and C3 for model type 1 and model type 3 vacuum cleaners at both settings were
approximately the same. For example, for model type 3, the sharpness values perceived by
the right and left ears were 2.34 acum and 2.33 acum, respectively. However, the average
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sharpness value in C2 for the model type 2 vacuum cleaner (C252) was more significant
than that of C3. Right ears received the highest sharpness values for model type 2 vacuum
cleaner at both settings. The sharpness measures the annoyance level of high-frequency
components in a sound signal. As revealed from the sharpness spectra, the average
sharpness value of model type 2 and type-3 vacuum cleaners increased with increased
motor speed. By definition [33], it could be comprehended that the high-frequency content
of the vacuum cleaner sound increased with the motor speed, resulting in a sharper sound.
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Figure 6. Comparative psychoacoustic parametric values for different vacuum cleaners with cor-
responding standard deviations. (a) Loudness, (b) sharpness, (c) roughness, and (d) fluctuation
strength. $ Mean;— Median.

Figure 6¢ shows the average roughness values obtained from the different vacuum
cleaners. As shown, the roughness values for model type 3 were almost constant de-
spite different settings across different microphones. Model type 2, however, has shown
larger roughness values when operating at the lowest speed rating across all microphones.
The sharpness values for model type 2 at S1 were measured to be 0.32 asper (C1), 0.51 asper
(C2), and 0.4 asper (C3). The observations across the left and right ears remained similar
across all three devices, where the right ear registered the larger roughness values.

The fluctuation strength of the vacuum cleaners exhibited minor variations across
each microphone (Figure 6d). The values range from 0.9 to 1.1 vacil for all microphones.
Roughness and fluctuation are physical quantities that describe the speed of sound signal
change. A low variation in average roughness and fluctuation strength values revealed
that the signal changes across the ears and surroundings were at the minimum. Moreover,
roughness and fluctuation were not as significant compared to loudness and sharpness.
Nevertheless, these factors could show the subjective feeling of vacuum cleaner noise to a
certain extent [17].
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4.4. Statistical Analysis

A statistical test, namely the analysis of variance (ANOVA) [34,35], was performed to
investigate the characteristics of the vacuum cleaners. The effects of microphone positions
and vacuum cleaner types on equivalent sound pressure levels were analyzed using two-
way ANOVA. The two-way ANOVA result (Table 3) shows that the microphone positions
(C1, C2, and C3) have the main effects on the equivalent sound pressure levels. The main
effect plot of Laeq for microphone positions and the vacuum cleaner types are shown in
Figure 7a,b. As shown, the higher Lsq was acquired from the microphone C2 (right ear)
than compared to C1 and C2. The microphone C1 recorded the equivalent lowest mean
sound pressure level value. The lowest Laeq for C1 could be a result of its remote distance
from the vacuum cleaner. Furthermore, model type 1 (V1) produced a maximum equivalent
sound pressure level (mean values) among the three vacuum cleaners (Figure 7b).

Table 3. Two-way ANOVA at a confidence interval of 95%.

DF Sum of Squares ~ Mean Square F-Value Prob. > F
LAeq
Michrophone 2 631.60 315.80 11.11 0.009
positions (C’s)
Vacuum cleaner
types (V's) 2 73.64 36.82 1.29 0.34
Interaction 4 82.52 20.63 0.72 0.60
Model 8 114.09 4.014 0.05
Error 6 170.52 28.42
Total 14 1083.26
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Figure 7. Main effect plots for (a) microphone positions versus Laeq and (b) vacuum cleaner types
versus Laeg. () Interaction plots for equivalent continuous sound levels.

Moreover, as shown in Table 3, the population means of vacuum cleaner types and
their interactions were not significant at a confidence level of 95%. Figure 7c shows the
interaction effects of the vacuum cleaner types and microphone positions on the mean
equivalent sound levels. The interaction plot between the vacuum cleaner types (V’s) and
the microphone positions (C’s) suggested that (Figure 7c) the Laeq values obtained from
C1 (surrounding) and C3 (left ear) microphones were at the maximum for the vacuum
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cleaner type 1 (V1). Furthermore, the maximum Laeq was obtained from the C2 (right ear)
microphone for the vacuum cleaner type 2 (V2).

Furthermore, as shown in Table 3, the interaction between both factors was non-
significant at a 95% confidence level. In this case, we performed a one-way ANOVA
analysis for investigating the variations of microphone positions, vacuum cleaner types,
and motor speeds on the psychoacoustic matrices. Table 4 shows the ANOVA results
for psychoacoustic matrices. The ANOVA table revealed that, at a significance level of
0.05, the population means of loudness, sharpness, roughness, and fluctuation strengths
were significantly different within their subgroups. The high R-square values indicated
that all factors were statistically well fitted, except for fluctuation strength (low R? = 0.27).
However, the low p-values confirmed that the main effect of each element was significant.
In other words, the difference between some of the factor level means was statistically
significant for all aspects.

Table 4. One-way ANOVA at a confidence interval of 95%.

DF Sum of Squares Mean Square F-Value Prob. > F
Loudness (R = 0.982)
Model 14 292,030.69 20,859.33 1665.30 0
Error 405 5072.96 12.52
Total 419 297,103.65
Sharpness (R? = 0.84)
Model 14 9.70 0.69 148.75 8.52 x 107150
Error 405 1.88 0.0046
Total 419 11.59
Roughness (R? = 0.75)
Model 14 492 0.35 87.68 491 x 107113
Error 405 1.62 0.0040
Total 419 6.55
Fluctuation strength (R? = 0.27)
Model 14 1.22 0.087 10.62 1.32 x 10720
Error 405 3.34 0.008
Total 419 4.56

5. Conclusions

The presented experimental investigations provide exciting information related to the
sound quality index of the following vacuum cleaners: LG V-CP243NB (model type 1),
Dyson Cyclone V10 (model type 2), and Xiaomi Cleanfly Gen 2 (model type 3). A series
of experiments was carried out to measure the noise produced by each vacuum cleaner.
Binaural headphones and a condenser microphone emulated the psychoacoustic effect
towards the user and the surrounding occupants. Based on the experimental investigations,
the following observations were made:

o  The average loudness values sensed by the right ear for model type 1 and model type
2 vacuum cleaners were higher irrespective of multiple speed ratings.

e The average sharpness value of model type 2 and type 3 vacuum cleaners increased
with increased motor speed.

e Alow variation in average roughness and fluctuation strength values revealed that
the signal changes across the ears and surroundings were at the minimum.

e  Moreover, the psychoacoustic metrics perceived by the user could be different from
those that are within the proximity of the appliance.

e The ANOVA analysis revealed that microphone positions have a significant contribu-
tion to the equivalent sound pressure levels.

The presented investigations may provide a valuable contribution to the assessment
of vacuum cleaner noise and may help develop a better appliance with permissible noise
levels. Moreover, by considering the human perception of vacuum cleaner noise, a relation-
ship could be created between subjective and objective studies. The integrated model can
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then be used to predict the sound quality index of vacuum cleaners. The studies could be
extended to different models of vacuum cleaners and also wet-type vacuum cleaners.
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