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Abstract: Anacoustically isolated meeting booth is a specially designed structure used to isolate and reduce
the level of speech. This pod is made in order to create a sound-isolated space, where you can work, record or perform
sound in conditions of minimal noise and interference. Acoustically isolated pods are used for various applications such
as music recording studios, movie theaters, conference rooms, and wherever it is important to limit sound transmission
and ensure a quality acoustic environment. In this type of acoustically isolated rooms, acoustic characterization of all
types of sound sources, as well as sound receivers, usually sound sensors, is carried out. The main objective of this
research is to develop a methodology using the 1ISO 23351-1:2020 standard and test the performance of an acoustically
isolated cabin. In addition to the primary goal of research, an additional goal is the analysis of the accuracy of the
results obtained from a low-cost noise sensor through its comparison with a class 1 sound meter. The obtained results
provide an opportunity for research and application of standardization that enables the development of a methodology
for measurement and assessment of the characteristics of an acoustically isolated booth. In particular, the focus is on
applying the methodology, measuring and comparing the results of noise measurements between a class 1 sound meter
and a low-cost sensor unit.

Key words: acoustically isolated environment; sound sensors; measurement methodology;
1SO 23351-1:2020 standard; acoustic measurements

PA3BOJ HA METOJOJIOT'NJA U TECTHPAILE HA NEP@OPMAHCH
HA AKYCTUYHO U30JIMPAHA KABMHA KOPUCTEJKHN I'O CTAHIAAPJOT ISO 23351-1:2020

AmcTpakT: AKyCTHYHO H30JIpaHaTa KaOWHa € CIeIHjalHO TU3ajHUpaHa CTPYKTypa WK MPOCTOP MITO ce
KOPHCTH 32 H30JIalija U pelylipamke Ha HUBOTO Ha roBop. OBaa kaOuHa ce n3paboTyBa co Iel Ja ce Kpenpa 3By4HO-
H30JIMPaH MPOCTOp, Kajae MOXKe Jia ce paboTH, CHAUMA I W3BeIyBa 3BYK BO yCJIOBH HAa MUHHMAICH IIyM, OydaBa u
uHTephepeHIi. AKyCTHIHO H30JIMPAHNTE KAOMHH Ce KOPUCTAT 3a Pa3HH IPHUMEHHU KaKo IITO Ce CTyIHjaTa 3a CHAMa-
e My3HKa, KHHO-CAIIUTE, IPOCTOPUHTE 3a KOH(DEPEHIHH, U CeKaJie KaJe IITO € Ba)KHO Ja Ce OTPAaHUYH IIPEHOCOT Ha
3BYK U J]a C€ OBO3MOXH KBaJIATETHA aKyCTHYHA OKoJIHa. OCHOBHA I1eJT Ha OBa CTPaXXyBambe € Pa3Boj Ha METOJ0JIOTHja
kopuctejku ro cranaapaoT 1ISO 23351-1:2020 u tectupame Ha neppopMaHCUTE Ha pa3BHEHA aKyCTHYHO M30JIHpaHa
kabuHa. [Tokpaj nprMapHaTa Lei Ha HCTPaXKyBambe, KaKo JOMOJHUTENHA [[e]] € aHAI|3a Ha TOYHOCTA Ha Pe3yNTaTHTe
JOOMEeHH 0] HUCKOOYyIeTeH ceH30p 3a OyuyaBa MpeKy Herosa criopeba co 3Bykomep of kiaca 1. lobuenure pesyiaratu
JlaBaaT MOXKHOCT 32 UCTPa)KyBarbe M MPUMEHa Ha CTaHAap/] KOj OBO3MOXYBa Pa3Boj HAa METOJIOJIOTHjaTa 38 MEpPEHe U
MPOLIEHA HA KAPaKTEPUCTHKHUTE Ha aKyCTHYHO M30yMpaHa kabuna. MOKyCOT € HaCOYeH KOH MPUMEHa Ha METOJI0JI0-
rujara, Mepeme 1 cropenda Ha pe3ysTaTHTe OJ1 Mepemara Ha OydaBa momMery 3ByKOMEpOT off Kiaca | u HuckoOyyer-
HaTa CeH30pPCKa eIMHUIIA.

Kutyunu 360poBM: aKyCTHYHO M30JIMpaHa CPEANHA; CEH30PH 3a 3BYK; METO/IONIOTH]ja 32 MEPEHHE;
crannapn ISO 23351-1:2020; akycTtudHM Mepema

1. INTRODUCTION like libraries and lounges are increasingly adopting

] ] o open architecture [2]. In such open environments,

An increasing number of individuals now studies have shown that those trying to focus on in-
work in open-plan and activity-based offices [1], dividual tasks fail due to the disturbing noise caused
while schools, hospital wards, and public spaces by nearby intelligible conversations and frequent


https://doi.org/10.55302/MESJ2341266????j%0d%0d
https://doi.org/10.55302/MESJ2341266????j%0d%0d

100 E. Nakova, |. Stojanovski, H. Sakova, S. Domazetovska Markovska, M. Anackova

phone ringing [3, 4, 5]. Additionally, effective com-
munication often requires a certain level of speech
privacy, which can be challenging to maintain in a
bustling open space [6]. This has led to the need for
a silent space, where individuals can finish im-
portant tasks when needed, as well as make phone
calls, without disturbing the rest of the group.

Fully isolated rooms with enhanced sound iso-
lation can be a big investment for large institutions
[7], so this study has a primary focus on developing
a methodology for testing compliance of a modular
furniture setup with a chosen standardization. The
setup is consisted of a portable enclosure that users
can easily assemble and position within open spaces,
offering both accessibility and a means to monitor
occupancy. A secondary focus is using the booth to
later compare low-cost and high-grade standardized
Class 1 sound sensors, as well as hypothesize that a
low-cost sensor can be used in standardized experi-
ments to define a space’s acoustic classification. For
this, the 1SO 23351-1:2020 standardization guide-
lines [8] were defined as the most suitable standard
for developing the measurement methodlogy.

In the field of acoustics, research in cutting-
edge materials [9] and understanding the im-
portance of investing in sound-isolating environ-
ments has been growing [10]. Using the right mate-
rials and dimensions for the cabin results in better
isolation quality and a better sound environment in
the cabin [11]. To define the effectiveness of these
environments, proper standardization is necessary
[12], as well as developing cost-effective methodol-
ogies for its testing [13, 14]. Similar studies on such
environments have been created in the past for in-
dustry-based working areas [15], as well as offices,
where the focus was the speech privacy when mak-
ing phone calls [16]. These enclosures are entirely
enclosed and typically come equipped with essen-
tials such as doors, electrical outlets, lighting, win-
dows, and ventilation fans [17, 18].

The primary performance indicator for this
type of acoustically isolated booths in terms of
sound reduction, according to existing standardiza-
tion, is the class division indicator. The class divi-
sion of acoustically isolated cabins depends on the
level of noise prediction and sound pressure and is
usually expressed by classes A+, A, B, C, and D
[19], as shown in Table 1.

The Class 1 sound level meter has high accu-
racy and allows several analyses in time and fre-
guency domain, while the low-budget sensor unit
can only show the sound level and will be used in
this paper to explore its performance, but testing this

sensor is crucial in making acoustic testing available
for lower budgets. The results of this paper are part
of a student project financed by the University of Ss.
Cyril and Methodius in Skopje, North Macedonia.

Tablel

Class division of acoustically isolated
cabins according to speech level reduction,
thus speech privacy guarantee, following
the 1SO 23351-1:2020 standard guidelines

Speech level reduction Speech privacy

Gl (dB) guaranteed?
A* >33 Yes
A 30-33 Yes
25-30 Yes
20-25 Depends on background
noise level
D 15-20 Depends on background
noise level
Unclassified <15 No

2. METHODOLOGY

Proper definition of standardized measure-
ments is of vital importance for this study. Initially,
using the 1SO 23351-1:2020 standard allows us to
develop a methodology and select an appropriate
experimental measurement protocol, including the
choice of suitable sound sensors. With its assis-
tance, it is defined and precisely determined which
sound characteristics will be measured, which aids
in a comprehensive segmentation and analysis of
the sounds received in the isolated environment.

First, defining an environment where the iso-
lation cabin will be placed is essential. The estab-
lished standard acoustic conditions that largely pre-
vent the penetration of external sources of noise
must also be defined. If the room in which this cabin
is located has windows, it needs to be positioned at
least one meter away from the wall with the window
and minimizing the number of objects in the room
is necessary to reduce sound reflection [20].

The room in which the measurement is con-
ducted should be a reverberation room that complies
with the 1ISO 3741:2010 standard. One of the main
criteria for accommaodating an acoustically isolated
environment is the size of the chosen room, which
should have a minimum volume of 150 m* to be able
to register a frequency of 125 Hz, while the volume
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of the cabin should be up to 5% of the volume of the
room where the measurement will be performed
[21].

According to the standard 1SO 23351-1:2020
for analyzing the performance of acoustically iso-
lated spaces, the measurement methodology is di-
vided into four phases shown on Figure 1:

* Phase 1: Selection of hardware equipment.
* Phase 2: Defining 3 case studies.
 Phase 3: Defining measurement points and

duration.

 Phase 4: Analysis, comparison, and valida-

tion of results.

Measurement methodology in
accordance with I1SO 23351-1:2020
standard

| !

!

}

Phase 1: Selection of
hardware equipment

Phase 2: Defining 3
case studies

Phase 3: Defining
measurement points
and duration

Phase 4: Analysis,
comparison and
validation of results

| |

|

|

* Omnidirectional sound
source on a height of
120 cm, generates pink
noise.

* (lass 1 sensor:
Bruel&Kjaer 2250,
measure a frequency
range between 125Hz
and 8000Hz with an A
weighting curve.

*  Low-budget sensor unit
of the Gravity series
manufactured by
DFrobot and ESP32.

* (Case study 1: Non-
isolated closed booth.
(Referent State)

* (ase study 2: Isolated
booth with silenced
ventilation.

(ventilation gap is closed)

* (Case study 3: Isolated
booth without silenced
ventilation.

(ventilation gap is opened)

Rule: The measurement should

be performed at least at 2 points

with distance larger than 170cm.

* The measurements were
performed at 6 points at the
following distances: 170cm,
330cm, 450cm, 2/5cm,
420cm and 500cm from the
centrally placed sound source
in the acoustically isolated
booth.

* Duration: 20 seconds.

* Repeats of the
measurements: 3 times.

Three types of analyzes were

made:

* The analysis according to the
sound level-the measured
values are subtracted from
Case study 1 with the
second/third case study.

* Frequency analysis- an
additional indicator at which
frequency we have the
greatest sound attenuation.

* Comparison of the
measurements results
between class 1 sensor and

the low-budget sensor unit.

Fig. 1. Different phases of the measurement methodology following the 1ISO 23351-1:2020 standard

According to Figure 1, phase 1 is related to the
hardware equipment, where Class 1 hand-held ana-
lyser is used for measuring the sound level, while
the omnidirectional sound source is used for gener-
ating pink noise. To be able to do additional analy-
sis, a low-cost budget sensor is used for seeing its
performance.

The 2" phase defines three case studies while
performing the measurements, in order to be able to
classify the booth. The initial referent measurement
is performed in an open space, and in order to cal-
culate the classes according to the speech level re-
duction, additional measurements in three case stud-
ies are performed. In the 1% case study, the measure-
ment is performed while the sound source is in the
booth without acoustically isolated materials, while
in the 2" and 3" study cases, the booth is isolated.
The difference between the 2™ and 3 case study is
the open and closed ventilation gap that is located
on the top of the cabin.
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The 3 phase defines 6 measurement points,
while at each measurement point the measurement
is performed with time duration of 20 seconds and
it is repeated 3 times. The 4™ phase is related to anal-
ysis, comparison and validation of the gained re-
sults. According to the above defined phases, the ex-
perimental testing is done in the following section.

3. EXPERIMENTAL WORK

For better performance testing of the acous-
tically isolated booth, the sound level in the working
environment was first measured without any iso-
lating material and then various acoustic absorbers
to improve sound absorption were added. This
allowes obtaining multiple case studies with more
results for analytical comparisons. The designed
acoustically isolated environment shown in Figure
2 is designed to be used as a booth for a single
occupant, while remaining more cost-effective than
the currently available commercial cabins.
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Length 1.5 m

Height 2.2m

=

Fig. 2. Proposed prototype design of acoustically isolated
booth for testing with dimensions 0f 2.2 x 1.5 x 1.5 m

Effective acoustic isolation is required to
achieve good performance of the acoustically iso-
lated booth. To implement this, several factors are
taken into account, such as materials, construction,

and sound transmission reduction [22]. When
designing an effective acoustically isolated cabin,
the following characteristics need to be considered:
the chosen suitable acoustic materials should have
good sound absorption and sound blocking pro-
perties, the room or object design with double or
triple walls, floors, or roofs with air gaps between
them should increase the space for sound isolation,
and the use of acoustic materials that absorb sound
would help reduce sound reflection in the space
[23]. To achieve improved sound absorption, acous-
tic absorbers are of great importance. An absorptive
material called “z-line” was used, made of high-
quality polyester with a high coefficient of sound
absorption for middle and high frequencies. Due to
its open-cell structure and specific geometry, this
corrugated absorber possesses exceptional sound
isolation properties [24].

The designed booth was tested according to the
developed methodology based on the standard ISO
23351-1:2020, while the measurement was carried
out with 6 steps as shown on Figure 3.

® ®
Ds. |dB] Class
>33 A+
30-33
25-30 B

'I 20-25 C
A = —

Positioning the E ili
Sctting  the | (SN & Measurement with the || Conduct Repeatability 30!: wi fubtg:\tct.s the valuis I(dB)I
d y class 1 sensor and the || measurements measun.ement Hines: 20 'am 2 speec. cve
sound source, | | centrally in the | bud g -Recording of | | reduction that is an
tinn bi ith ow-budget sensor unit || of reference B
generating cabin  wi all. A measured values of the | | indicator of the class
: : defined height || 1S activated for a || state and all case z s
pink noise. efined height . _ sound level. placement of this cabin (it
duration of 20 seconds. || studies.
of 120cm. can be C, B, A or A+)

Fig. 3. Six steps of conducting the sound isolation measurements

Omnidirectional sound source with an ampli-
fier according to ISO 3382-1, is a sound source that
generates pink noise with a defined height of 1.2 m
(from the floor) adapted for acoustic measurement
tests made in cabins for a sitting position [25]. Sound
level meters from Class 1 are the main indicator when
doing measurements and obtaining valid results for
the goals of this paper. On the other hand, the low-

budget sensor can obtain results, but they cannot be
verified according to the standard. The data collected
from the low-cost sensor unit is compared with the
results of a B&K Class 1 sound meter which is taken
as a reference device with greater accuracy and
precision in obtained values. Their working principle
for the sound level meter Class 1 and the low-budget
sensor is shown on Figures 4 and 5, respectively.
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Pink noise ﬂ

Omnidirectional
sound source

Class 1 hand-
held analyzer

Noise level in dB(A)

Frequency anélysis
(15 Hz — 8000 Hz)

Fig. 4. Measuring experiments using the 1% class hand-held analyzer

vieasureda souna ievei

Pink noise

Omnidirectional

= Sound meter
Gravity

Calculation of the
average noise level in
dB(A) on Arduino IDE

sound source

Low-cost sensor unit

Noise level in dB(A)

Fig. 5. Measuring experiments using the low-cost sensor unit

The B&K 2250 audiometer detects pink noise
generated by the omnidirectional sound source and
performs octave spectrum measurements, which
means that it divides the entire audio spectrum into
octave frequency bands. Specifically for this case,
the frequency ranges are determined in accordance
with the standard and are between 125 Hz and 8000
Hz with an A weighting curve. This analysis aims to
determine how the intensities of different frequen-
cies in the sound signal are distributed. The results
are mean values from the 3 measurements. The low-
cost sensor unit is consisted of Gravity Sound Sen-
sor and sends the values to the ESP32 microcontrol-
ler, while the results that are sent to the Arduino IDE
are average values of the sound level in dB(A) for
20 second interval, which means that 20 measured
values (samples) enter this interval. The average
equivalent sound value is calculated according to
the formula:

I 1054

Loy = 10 x log Zi=e 100 Q)

=0
n

where ki is the i measured value in dBA, while 7 is
the number of measurements.
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4. RESULTS AND DISCUSSION

4.1. Analysis of the performance of the acoustically
isolated booth

In order to perform an analysis of the perfor-
mance of the acoustically isolated booth in the three
case studies, it is necessary to calculate the differ-
ence between these sound levels or subtract their
values to determine the reduction in speech levels.
The measurement was done using the Class 1 hand-
held analyzer for the three case studies as shown in
the methodology, while the results are shown on Ta-
ble 2.

The sound power level (SWL) emitted by a
loudspeaker is measured according to 1ISO 3741 in
two phases: (1) without the product for a bare om-
nidirectional sound source, and (2) with the product
including the omnidirectional sound source at the
centrally defined position.

The mathematical principle of determining
speech level reduction is presented below. First, the
level reduction is determined in octave bands 125—
8000 Hz. Level reduction, D; (dB), is the difference



104 E. Nakova, |. Stojanovski, H. Sakova, S. Domazetovska Markovska, M. Anackova

between the sound power level measured in the two
phases mentioned before.

D; = Lw,P,l,i—Lw,P,Z,i’ (2)

where Ly, p 1 ; (dB) is the sound power level radi-
ated by the sound source without furniture ensem-
ble, and Ly, p»; (dB) is the sound power level radi-
ated by the specimen when the sound source is in-
side the booth. The octave band is denoted with i
and P indicates pink noise.

Second, the speech level reduction, D 4 [dB],
is calculated. D; 4 is a single-number quantity that
expresses the corresponding reduction in Aweigh-
ted sound power level of standard effort speech
within 125-8000 Hz. The value of D, 4 is calculated

by

Ds,A = Lw,s,A,l - Lw,s,A,Z (3)
Ds,A = Lw,s,A,l - Lw,s,A,3 (4)

where Ly, 5 41 is the sound power level from case
study 1 which is the referent state (Non-isolated
closed booth) from who we are subtracting L,, s 4 »
(sound power level of study case 2- Isolated booth
with silenced ventilation) and L, 5 4 3 (sound power
level of study case 3 — Isolated booth without silen-
ced ventilation.

Table 2

From the results it can be seen that the differ-
ence between the first case study with an open cabin
and the second case study is approximately 9 dB.
Furthermore, when comparing the difference be-
tween the first and third case study, there is a 3 dB
difference measured.

The most significant comparison observed is
between case study 2 and case study 3, which shows
a 7dB difference. This difference effectively high-
lights the effects of ensuring a quality soundproof
ceiling and silenced ventilation, resulting in the
maximum difference that grants the cabin a higher
classification (in this case Class A with a potential
for A+). Cabins in this class have the highest effi-
ciency in noise isolation. They are able to isolate
even the most audible noises and sound pressures,
which makes them ideal for applications where the
highest quality of isolation is most important.

Although the second case study provides the
best results, it is not a realistic solution due to the
need for proper air exchange in the cabin. Therefore,
the most optimal solution is to upgrade the cabin
with a ventilation system that facilitates air circula-
tion and exchange between the cabin and the exter-
nal environment while providing maximum sound
attenuation.

Results from the measurements for defining the speech level reduction of the booth in the three case studies

Case study 1 Case study 2 Case study 3
Measurement Speech level reduction of ~ Speech level reduction of the isolated Speech level reduction of the isolated
point the non-isolated booth booth with silenced ventilation booth without silenced ventilation
dB(A) dB(A) dB(A)
1 25.1 31.7 26.7
2 24.0 30.9 26.9
3 24.1 33.8 26.4
4 23.8 33.7 26.9
5 22.6 31.6 255
6 229 32.2 26.4

4.2. Frequency analysis

The frequency analysis serves for further ana-
lysing and observing at which frequency range there
is the most significant noise mitigation. From the
analysis of the results in Figure 6, at the representa-

tive point with distance of 4.5 m, the highest sound
levels measured in the open state without sound-
proofing material are observed at frequencies of
1000, 2000 and 4000 Hz. The most significant re-
duction (difference) of 46.3 dB is observed at a fre-
quency of 8000 Hz. The highest sound level occurs
at a frequency of 2000 Hz, with a value of 70.76 dB.

Mech. Eng. — Sci. J., 41, 2, 99-107 (2023)



Methodology development and performance testing of an acoustically isolated booth using the 1SO 23351-1:2020 standard 105

673 70.76
70 - [ ]
614
L ]
%0 15387
E]- [ ]
T 30 44
3 o
g 40
e
34.5 36 3¢
3 30 . |
S 32.8
20 26.3
10
0
0 1000 2000 3000

69.56

o 65.8

[ ]

28.2

19.5

4000 5000 6000 7000 8000
Frequency f(Hz)
Case study 3

@ Referent State

Fig. 6. Frequency data collected from representative measurement point 3

It can be noted that after isolating the cabin, the
highest sound levels are found in the frequency
range of 500 to 2000 Hz. Based on this, if further
sound reduction is desired when selecting sound-
proofing materials, it is necessary to choose a mate-
rial that provides attenuation in these frequencies
between 500 Hz and 2000 Hz.

4.3. Comparison between the results of the low-

cost sensor unit and Class 1 hand-held analyzer
The results of the low-cost sensor unit com-
pared with the sound level meter are analyzed.

Table 3

Table 3 shows the results where the smallest
difference in measurements is between the Class 1
sound level meter and the low-budget sensor unit.
This value is between 0,4 and 1 dB, meanwhile the
highest difference is 3.3 dB. The results from the
low-budget sensor unit can serve as a good indicator
for representing the noise level but cannot be used
when measuring according to a standard.

It can be noticed that the low-cost sensor unit
gives higher values of the measured sound level
than the 1% class hand-held analyzer. The results
from the low-budget sensor unit can serve as a good
indicator for representing the noise level but cannot
be used when measuring according to a standard.

Results from differences between noise level of the low-cost sensor and the Class 1 hand-held analyser

Measurement point 1

Difference in dB(A)

Measurement point 2

Difference in dB(A)

Measurement point 3

Difference in dB(A)

Case study 1 1
Case study 2 4.4
Case study 3 1.2

2.2 0.4
2.7 0.9
2.8 0.4

Measurement point 4

Difference in dB(A)

Measurement point 5

Measurement point 6

Difference in dB(A) Difference in dB(A)

Case study 1 1
Case study 2 14
Case study 3 1

0.3 21
2.8 13
12 0.4

Mauwi. unore. nayu. ciive. 41 (2) 99-107 (2023)
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5. CONCLUSIONS

The developed methodology enabled an acous-
tic study of the acoustically isolated booth. From the
obtained results and their analysis, it can be esti-
mated that the booth exhibits adequate performance
in terms of acoustic isolation, potentially allowing it
to be Class B or Class A. Additional measurements
and research are needed to accurately determine the
class to which the acoustically isolated booth be-
longs. Using the equipment, a measurement of
sound levels was performed, as well as a frequency
analysis that could provide guidance for selection of
materials for additional sound isolation for the
cabin.

As part of the conducted measurements, an ad-
ditional analysis included the evaluation of the ac-
curacy of the low-budget sensor unit, which was en-
hanced with software that directly records results
according to the requirements for this testing. The
results from the low-budget sensor unit were com-
pared with results obtained from a Class 1 instru-
ment, indicating that the low-budget sensor unit can
be a good indicator for assessing sound levels. How-
ever, for these types of analyses, a Class 1 sound
level meter is still required for precise measure-
ments.

Through this paper, a methodology has been
developed in accordance with the 1SO 23351-
1:2020 standard, which can serve as a basis for test-
ing various acoustically isolated cabins in the future.
In addition, there is an opportunity to improve the
standard’s acoustic conditions in order to improve
the class placement itself, as well as the opportunity
to enrich the hardware equipment, application of
new sensor technology, automation of measure-
ments and generation of results, testing of other
measuring instruments and thus to obtain better re-
sults.
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