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Background: Hearing loss caused by excessive exposure to noise is one of the most common health risks
for employees. One solution for noise reduction is the use of hearing protectors, which is a very effective
method for protecting hearing from the workplace noise. In order to obtain better attenuation efficiency, custom
moulded earplugs can be equipped with a suitable acoustic filter. The effectiveness of the hearing protectors’
attenuation is based on real measurement of hearing thresholds for normal hearing people with and without
hearing protectors. However, this is a time consuming process, and the obtained values are characterised by
quite large inter-individual variability. The optimal solution is to measure the attenuation characteristics based
on the objective method (without the presence of the subject), the results of which will be in accordance
with the results of subjective tests. Therefore, the main purpose of the research in this work was to measure
the attenuation characteristics of the self-designed custom moulded earplugs with and without acoustic filters
through the use of subjective and objective methods, and to compare the results in terms of the research
methods.

Methods: Measurements of the acoustic attenuation obtained by custom moulded earplugs with designed F1,
F2, and F3 acoustic filters (internal diameters dr1 = 1.25 mm, dp2 = 0.85 mm, and dr3 = 0.45 mm), as well as
full insert earplugs (without any acoustic filters) were carried out using two methods: objective and subjective.
The objective measurements were carried out in an anechoic chamber. The artificial head (High-frequency
Head and Torso Simulator Briiel & Kjeer Type 5128) was located at a distance of 3 m, directly opposite the
loudspeaker. The test signal in the measurements was pink noise — in the frequency range up to 12.5 kHz and
the level 85, 90, and 95 dB. The hearing protectors with and without acoustic filters were mounted in the Head
and Torso Simulator which was connected with Pulse System Briiel & Kjeer. Five normal hearing subjects
participated in the subjective measurements. A pink noise signal was used for one-third octave bands: 125,
250, 500, 1000, 2000, 4000, and 8000 Hz. The attenuation value was defined as the difference (in dB) between
the hearing threshold of the test signal with a hearing protector and the hearing threshold determined without
a hearing protector.

Results: The results of the objective method proved that in addition to the significant impact of frequency
on the attenuation values, the type of filter used in custom moulded earplugs also had a significant effect. In
addition, the results of the objective method showed that in the whole frequency range the highest attenuation
values are shown by the full earplugs, achieving slightly above 45 dB for frequency of 8 kHz. The attenua-
tion values obtained from subjective measurements also confirmed that both the frequency and type of filter
significantly affect the attenuation values of the tested hearing protectors.

Conclusions: The results of this study did not confirm the hypothesis that the measurement method had no
significant effect on the attenuation characteristics of self-designed custom moulded earplugs with different types
of acoustic filters. The largest differences in attenuation values between the type of measurement methods occur
for the low frequency band (250 Hz) and for higher frequencies (4000 Hz mainly). The change of the internal
diameter of the F1 filter from 1.25 mm to 0.85 mm (F2 filter) did not significantly affect the attenuation
characteristics.
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List of abbreviations

SNR — signal-to-noise ratio,
REAT - real ear attenuation at threshold,
ATF — acoustical test fixture,
ANOVA — analysis of variance,
FE — full earplug,
MIRE — microphone in real ear.

1. Background

Noise is defined as any unwanted sound which can
be annoying or unsafe to human health, and which
may increase the risk of an accident at work. Noise
can cause sleep disturbance, worsening of speech intel-
ligibility, as well as temporary or permanent hearing
loss. Hearing loss is a process that usually develops over
years, because it is usually painless, gradual, and prac-
tically imperceptible. The progress of hearing loss due
to the chronic influence of noise depends on the level of
noise exposure and its duration. Hearing loss caused by
excessive noise levels is one of the most common health
risks for employees. Over 20% of workers in Europe are
at risk of permanent hearing loss (LIE et al., 2016).
According to Directive 2003/10/EC (2003), three le-
vels of noise exposure limits are proposed, where the
first (lower) limit for the equivalent daily noise expo-
sure level is Lpx gh = 80 dB (SLIWINSKA-KOWALSKA,
ZABOROWSKI, 2017). This noise level is often exceeded:
a comparable or higher noise level (instantaneous va-
lues) occurs, for example, along highways. Noise at
the workplace can be limited by both organisational
methods and technical means. Organisational meth-
ods include, for example, shortening the working time
at workplaces where safe noise levels are exceeded,
while technical means include, e.g., the use of noise
barriers, etc.

In a situation where the above mentioned methods
are ineffective or impossible to apply, the best solution
that remains is the use of hearing protectors, which is
one of the most effective methods for protecting hear-
ing from noise at the workplace. There are many types
of hearing protectors: earmuffs, earplugs, and custom
moulded earplugs. Custom moulded earplugs are made
on the basis of the ear impression. Such earplugs, af-
ter insertion, tightly close the external auditory canal.
In order to obtain different attenuation efficiency, cus-
tom moulded earplugs can be equipped with a suit-
able acoustic filter. These are easily replaceable ele-
ments, which are selected depending on the acoustic
conditions at the workplace. The selection of hear-
ing protectors is carried out on the basis of measure-
ments of sound pressure levels at the workplace. The
choice of hearing protector means there is a need to
determine the appropriate attenuation efficiency — this
should not allow excessive acoustic protection. Such
excessive protection could make it impossible to com-
municate with other people and hear warning sounds.

In the available literature, research topics concern-
ing hearing protectors are mainly focused on the prob-
lem of how hearing protectors attenuate sounds with
different frequency and time characteristics (broad-
band noise, bands of noise, sound pulses, gunfire)
(Davis et al., 2011; BIABANI et al., 2017; FACKLER
et al., 2017; SAMELLI et al., 2018). In addition, the ef-
fect of hearing protectors on the ability to determine
the location of a sound source (ZIMPFER, SARAFIAN,
2014; BROWN et al., 2015; LEE, CAsALI, 2017) also
impacts the level of speech intelligibility (BOCKSTAEL
et al., 2011; NORIN et al., 2011; BROWN et al., 2015;
HISELIUS et al., 2015; LEE, CASALIL, 2017), as well as
more complex aspects of sound sensations, e.g., percep-
tion of the sound of musical instruments by musicians
using hearing protectors are also examined (KILLION,
2012). It turns out that in the case of musicians, the
sound levels can reach very high values, in the order
of over 100 dB, which, with long term exposure, may
also result in hearing loss.

One of the problems resulting from the use of hear-
ing protectors is the deterioration of speech intelligi-
bility, especially when speech is presented against the
background noise and when the level of speech sounds
is low. Level dependent hearing protectors that enable
the selection of signal enhancement depending on the
sound level reaching the user are a partial solution here
(BOCKSTAEL et al., 2011; BROWN et al., 2015; LEE,
CAsALL 2017). However, in (NORIN et al., 2011), the
authors showed that using 3 different passive hear-
ing protectors did not determine the impact of the
type of the protector on speech intelligibility against
noise and showed that none of the hearing protectors
significantly affected speech intelligibility. One signi-
ficant factor influencing speech intelligibility was the
signal-to-noise ratio (SNR).

In the case of level dependent hearing protectors
(signal amplification function depending on the level of
the input signal) a significant improvement in speech
intelligibility was found, especially for lower SNR val-
ues (HISELIUS et al., 2015).

In the studies determining the effectiveness of the
attenuation provided by hearing protectors, the key is-
sue is the research methodology according to PN-EN-
ISO 4869-1 (2018); its main advantage is real measure-
ment of hearing thresholds for normal hearing peo-
ple with and without hearing protectors. Compari-
son of hearing thresholds allows the attenuation pro-
vided by the earplug for the respective frequency bands
to be determined. These attenuation values take into
account all the subjective aspects of sound perception,
but data collection is a time consuming process. It
should be stressed that the obtained attenuation va-
lues are characterised by quite large inter-individual
variability. However, this inter-individual variability al-
lows the assumed protection value (APV) to be ob-
tained, which is provided by the tested hearing protec-



www.czasopisma.pan.pl

R. Gotebiewski et al. — Objective and Subjective AL:\% of the Sound Attenuation Efficiency Obtained. ..

www.journals.pan.pl

203

ML

tor and is determined for a specific part of the popu-
lation.

Therefore, the optimal solution is to measure the
attenuation characteristics based on the objective
method (without the presence of the subject), the re-
sults of which will be in accordance with the results of
the subjective tests. The best solution is to use an ar-
tificial head (head simulator) that contains full copy of
the auricles and the ear canal. There are many models
of artificial heads with artificial ears currently on the
market, however, this equipment does not have a full
copy of the ear canal.

One of the most important works on the compari-
son of research methods to determine the value of the
acoustic attenuation of hearing protectors is (BERGER,
2005). In this paper, the author compared three meth-
ods of measuring the effectiveness of hearing protec-
tors, i.e., the real ear attenuation at threshold (REAT
method standard, PN-EN-ISO 4869-1, 2018) and two
objective methods: microphone in real ear (MIRE),
consisting of placing the microphone inside, near the
tympanic membrane, as well as the acoustical test fix-
tures — ATF, which uses artificial ear systems consist-
ing of a microphone placed in a suitable cover con-
nected with an acoustic coupler. The element of the
artificial ear is connected to the amplifier system and
the measuring system, which usually provides a com-
prehensive analysis of signals, mainly in terms of deter-
mining sound levels and assessing the spectral struc-
ture.

This work focuses on comparing the results ob-
tained by the REAT and ATF methods. The objective
method (AFT) used in the research is based on the
latest B&K solution regarding the design solution of
an artificial ear placed in an artificial head (Bruel &
Kjaer type 5128-C). The latest version of the artificial
ear has a full mapping of the external auditory canal,
which guarantees attachment of the ear and earplugs
analogous to the real ear and also allows for phenom-
ena related to the occlusion effect and the influence
of the residual volume of the ear canal on the trans-
mission properties of acoustic energy. This technical
solution is very important because the subject of the
research in this work is individually fit hearing protec-
tors, placed partly in the external ear canal, ensuring
the system is tightly closed and the possibility of using
passive acoustic filters.

Therefore, the main purpose of the research in this
work was to measure the attenuation characteristics of
the self-designed custom moulded earplugs with and
without acoustic filters through the use of subjective
and objective methods and to compare the results in
terms of the research methods. It was assumed that
the change of the inside diameter of the filters’ open-
ings every 0.4 mm would be large enough to obtain
three significantly different frequency characteristics of
sound attenuation, according to the principle that the

smaller the diameter, the greater the sound attenua-
tion, especially in the higher frequency range. More-
over, it was also assumed that the results of the ob-
jective and subjective studies would not show statisti-
cally significant differences. This will be the basis for
further research and the development of objective and
fast methods for determining the attenuation charac-
teristics of custom moulded earplugs.

1.1. Noise assessment at workplace

The importance of using hearing protectors, in-
cluding earplugs, is of particular importance at work-
places where noise levels may be significantly exceeded.
In this section we quote the most important require-
ments and standards in terms of permissible noise le-
vels in the work environment.

To assess noise at the workplace, the following
quantities should be used, based on Regulation of the
Minister of Labour and Social Policy of 6 June 2014,
on the maximum permissible concentrations and in-
tensities of agents that are hazardous for health at the
workplace (Journal of Laws, 2014):

o Lpx sn [dB] — daily noise exposure level,
o Lpx . [dB] — weekly noise exposure level.
The daily noise exposure level is defined as

(1)

Lex gh = Laeq,r. +101log %7
where Lacq,1, is the time average sound level deter-
mined for the time of noise exposure, T,, and T, = 8
hours = 28800 s. T is the exposure time.

The weekly noise exposure is defined by the follow-
ing equation:

Lix,w = 10log (; D 10071(LEx78h>i), (2)
i=1
where the index ¢ denotes the i-th day in a week, and
n =5 — denotes the number of working days during the
week.

In addition, according to the above regulation
(Regulation of the Minister of Labour and Social Po-
licy of 6 June 2014 on Maximum Permissible Con-
centration and Intensity of Agents Harmful to Health
in the Working Environment, Journal of Laws, 2014),
for the purpose of determining acoustic conditions at
the workplace, additional measures are used:

® L¢ peak [dB] — the C-weighted peak sound pressure
level,

® LA max [dB] —the A-weighted maximum sound pre-
ssure level.

In order to determine the degree of noise exposure,
the following legal acts should be used:

e PN-EN-ISO 9612 (2011), Acoustics — Determina-
tion of occupational noise exposure — Engineering
method.



www.czasopisma.pan.pl I N www.journals.pan.pl
) N
204 Archives of Acous

= Volume 47, Number 2, 2022

e PN-N-01307 (1994), Permissible noise values in
the workplace. Measurement requirements.

e Regulation of the Minister of Labour and Social
Policy of 6 June 2014 (Journal of Laws, 2014).

The methods of measuring the quantities charac-
terising noise at workplaces have been presented in de-
tail in (PN-N-01307, 1994). The standard also includes
requirements for measuring the equipment along with
the mode and frequency of measurements.

The standard presents two methods:

e the direct method, based on continuous measure-
ment, during the time when the worker is exposed
to noise, and on reading the values of determined
quantities directly from meters, e.g. noise dosime-
ters or integrating sound level meters,

e the indirect method, which involves measuring
noise in a time shorter than the one being evalu-
ated and applying appropriate mathematical rela-
tionships to determine the required amounts.

The permissible values at the workplace are defined
in Regulation of the Minister of Labour and Social Po-
licy of 6 June 2014 (Journal of Laws 2014).

Table 1. Permissible values of noise at the workplace.

Noise descriptor Permissible
value [dB]

Daily noise exposure level during an 8-hour 85
day, Lrx,sn and weekly noise exposure dur-
ing a 5-day working week, Lgx . [dB]
The A-weighted maximum sound pressure 115
level, LA max [dB]
The C-weighted peak sound pressure level, 135
LC,pcak [dB]

According to Regulation of the Minister of Labour
and Social Policy (Journal of Laws, 2014), in order to
determine if there is no exceedance of the permissible
noise level at the workplace, individual values may not
exceed the values given in the table above. If at least
one of these values is not retained then it is stated
that the workplace exceeds the permissible noise level
and appropriate noise minimisation measures should
be taken.

When all the technical possibilities to reduce noise
at the workplace are exhausted and one of the above-
mentioned values is still exceeded, the employer is
obliged to provide the employees with hearing pro-
tection and inform them about the potential risk of
hearing damage.

1.2. Custom moulded earplugs

One way of providing hearing protection at the
workplace is through the use of custom moulded
earplugs. Hearing protectors are earplugs made on the

basis of impressions from the ears. They close the ex-
ternal auditory canal tightly and can be equipped with
additional, easily exchangeable acoustic filters, cha-
racterised by different values of acoustic attenuation.
The selection of these filters depends on the acous-
tic conditions — i.e., on the noise level at the work-
place. It should be remembered that the selection of
a hearing protector with a specific acoustic filter should
ensure an adequate level of communication and that
warning sounds are audible. The method for estimat-
ing the sound level when hearing protection is used
is described in the PN-EN-ISO 4869-2 (2018). A well
chosen hearing protector should ensure effective com-
munication and hearing of warning sounds. A badly
chosen hearing protector can lead to the effect of ex-
cessive protection. This effect is associated with too
much noise suppression. This, in turn, may cause the
employee to feel acoustic isolation from the surround-
ings and experience reduced communication possibili-
ties as well as the lack of ability to hear alarm and
warning sounds. As a result, this leads to work dis-
comfort and may lead to the employee’s rejection of
the hearing protector.

The construction of an individual hearing protec-
tor with an acoustic filter is presented in Fig. 1. The
acoustic filter is mounted in a special sleeve which is
permanently glued to the insert/protector.

w

Fig. 1. Construction of an individual hearing protector

(earplug). Left: the acoustic filter (red) is mounted in an

acoustic tube (blue) which is permanently glued to the

earplug. Right: an acoustic filter (white) and an acoustic
tube (blue).

To determine the acoustic efficiency (suppression)
of custom moulded earplugs, subjective and objec-
tive methods are used. The subjective method for
measuring the acoustic efficiency of hearing protec-
tors is provided by PN-EN-ISO-4869-3 (2007). This
standard describes the subjective method of measuring
the acoustic attenuation of hearing protectors at low
sound pressure levels (close to the threshold of hear-
ing). The method was developed to obtain attenua-
tion values close to the maximum which are difficult
to achieve in real conditions. The hearing threshold
is measured with and without a hearing protector,
similar to PN-EN-ISO-8253-2 (2010). The objective
method for measuring protectors is given in PN-EN-
ISO-4869-3 (2007). However, this standard applies to

ear muffs.
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2. Methods
2.1. Design of new acoustic filters

New acoustic filters were designed and manufac-
tured for the purposes of this research. The cross-
section of one of these filters is shown in Fig. 2. The
filters were labelled with the symbols F1, F2, and F3.

™\ The diameter
N H of the inner hole, d

Fig. 2. Acoustic filter cross-section and longitudinal section.

The filters’ openings are designed in the shape of
a system of two cones with internal diameters dg; =
1.25 mm, dps = 0.85 mm, and drz = 0.45 mm. Due
to the quite typical shape of the filters (a system of
two cones), it was assumed that the sound attenuation
values would be higher in the higher frequency range.
Moreover, it was also assumed that the change of the
inside diameter of the filters’ openings every 0.4 mm
would be large enough to obtain three significantly dif-
ferent frequency characteristics, according to the prin-
ciple that the smaller the diameter, the greater the
sound attenuation, especially in the higher frequency
range.

The filters’ elements were designed using the Au-
todesk CAD Inventor software. The printing technique
was applied with the help of the SLA FormLabs —
form1 3D printer and the appropriate photosensitive
resin. The process of preparing the filters consisted in
measuring the geometry of the obtained filters and cor-
recting the 3D model in order to eliminate the shrink-
age of the resin which led to differences in the dimen-
sions of the filters. The technique of stereolithography
(SLA) was used, consisting in hardening the photosen-
sitive resin with a laser beam. The printed out filters
have been mechanically processed in order to get rid of
unnecessary elements. Finally, the filters were exposed
with UV rays in order to achieve the appropriate ma-
terial hardness.

2.2. Determination of the acoustics attenuation
obtained by custom moulded earplugs

Measurements of the acoustic attenuation obtained
by self-designed custom moulded earplugs with de-
signed F1, F2, and F3 acoustic filters, as well as full
insert earplugs (without any acoustic filters) were car-
ried out using two methods: objective (Subsec. 2.3) and
subjective (Subsec. 2.4).

2.83. Objective method — measurements using a head
simulator

The measurements were carried out in an anechoic
chamber at the Institute of Acoustics of the Adam
Mickiewicz University in Poznan.

The parameters of the anechoic chamber are pre-
sented in Table 2.

Table 2. Parameters of the anechoic chamber.

Parameter Value
Dimensions (height/width/depth) [m] | 6.5/6.5/8.5
Volume [m?] 360
The lower frequency limit 80 [Hz] 80

The following measuring equipment was used in the
measurements:

e High-frequency Head and Torso Simulator Briiel
& Kjeer Type 5128,

e Active Loudspeaker QSC type K10,

e System Pulse v. 12.6.0.255,

e Sound level meter Svantek type SVAN 945A.

The measurement system is presented in Fig. 3.

Fig. 3. Artificial head with a torso made by the B&K com-
pany and a sound source placed opposite the dummy in an

anechoic chamber. Front view (a) and side view (b) of the
head and torso simulator.

It should be remembered that the Head and Torso
Simulator Briiel & Kjaeer Type 5128 is characterised
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by a complete mapping of the shape of the external
ear canal, which is particularly important when test-
ing earplugs. However, this equipment does not meet
all the requirements of ANSI/ASA-S12.42-2010 (2010).
In addition, this acoustic fixture test does not take into
account the bone transmission (vibrations), which oc-
curs with the perception of sounds in the auditory sys-
tem. There is therefore some concern that, especially
in the low frequency ranges, where bone conduction
plays an important role, differences in acoustic atten-
uation values may arise with the objective and subjec-
tive methods.

The acoustic measurements were made for the fol-
lowing conditions:

e without hearing protectors,

e with hearing protectors without acoustic filters
(the so-called full insert) and with acoustic filters
mounted in the insert with the internal holes hav-
ing different diameters, F1, F2, and F3.

The test signal in the measurements was pink noise
— in the frequency range up to 12.5 kHz. The signal
was generated by a loudspeaker (Active Loudspeaker
QSC type K10). The artificial head (High frequency
Head and Torso Simulator Briiel & Kjeer Type 5128)
was located at a distance of 3 m, directly opposite the
loudspeaker. In addition, a sound level meter was lo-
cated above the artificial head to calibrate the measur-
ing system. The pink noise level was 85, 90, and 95 dB.
The spectrum of the acoustic signal used in the tests
is shown in Fig. 4.

110 T
Overall sound pressure level
| [ L, = 85 dB SPL
[ , = 90 dB SPL

o _%Lp=95 dB SPL |

80 -

60 -

Sound pressure level [dB SPL]

ol N
50 [ I LI 210 §ld 5]
100 1000

Frequency [Hz]

I
10000

Fig. 4. One-third octave pink noise spectrum used in
the study for three different total sound pressure levels
(Lp = 85, 90, and 95 dB SPL).

2.4. Subjective method — measurements
of the hearing thresholds

The subjective acoustic measurements were carried
out in accordance with PN-EN-ISO 4869-1 (2018). Five
students — students of the Institute of Acoustics (aged
20 to 22) participated in the measurements. According
to the standard EN-ISO 4869-1 (2018), before starting

the actual measurements, the subjects were checked
for normal hearing. Hearing thresholds for participants
should not exceed 15 dB HL in the 0.125-2 kHz band
and 25 dB HL for frequencies above 2 kHz. The test for
each listener was repeated at least 3 times for test sig-
nals, with the difference between the hearing thresh-
olds for the middle frequencies not exceeding 6 dB. It
should be emphasised that in the research the authors
took into account a smaller number of subjects than is
required by standard EN-ISO 4869-1 (2018). For this
reason, each participant took part in the research three
times. This approach was also related to the fact that
this wass preliminary research and the authors took
into account the number of participants in the next
stages of the research. In Figs 5 and 6 there are the
audiograms of people participating in the study.

Hearing level [dB]

0125 025
Frequency [kHZz]

Fig. 5. Audiograms of subjects participating in the study
(results for the right ear).

Hearing level [dB]

0125 025 05 1 2 4 8
Frequency [kHz]

Fig. 6. Audiograms of subjects participating in the study
(results for the left ear).

To determine the attenuation value obtained by the
hearing protectors, a pink noise signal was used for one-
third octave bands: 125, 250, 500, 1000, 2000, 4000, and
8000 Hz. The attenuation value was defined as the dif-
ference (in dB) between the hearing threshold of the
test signal with a hearing protector and the hearing
threshold determined without a hearing protector.



www.czasopisma.pan.pl

R. Gotebiewski et al. — Objective and Subjective AL:\% of the Sound Attenuation Efficiency Obtained. ..

www.journals.pan.pl

207

ML

Measurements were made using an Interacoustics
AC40 audiometer. As part of the work, measurements
for each subject (for earplugs with different filters)
were repeated three times. The level of background
noise in the testing room did not exceed the permis-
sible values for background sound pressure levels pre-
sented in the standard.

3. Results
3.1. Results of the objective method

As stated earlier, acoustic measurements were
made for three scenarios: without earplugs, with full
earplugs, and with earplugs with acoustic filters. Dur-
ing the acoustic measurements, the hearing protec-
tors were located on both ears of the artificial head.
The measurements were repeated five times for each
condition. Before each subsequent measurement, the
earplugs were removed and reinserted into the artifi-
cial ears.

The acoustic efficiency (attenuation) of hearing
protectors with and without acoustic filters was de-
termined as the difference between the sound levels
recorded without earplugs and with earplugs — with
different acoustic filters. Figure 7 shows the average
values of attenuation as a function of frequency for in-
dividual earplugs equipped with F1, F2, and F3 filters
and for the full earplug (FE). It can be unequivocally
stated that in the whole frequency range the great-
est attenuation is shown by the full earplug, achieving
for 8 kHz average attenuation slightly above 45 dB.
In the 0.5-2 kHz frequency band, the average atten-
uation increases by approx. 20 dB/octave, regardless
of the earplug type. In turn, in the case of earplugs
with filters, the maximum attenuation falls on the 2—
4 kHz frequency band, and for 4-8 kHz decreases by
about 6 dB.

50

S
o

w
o

Acoustic attenuation [dB]

o

"\)
\

-=\ﬁ

0.125 0.25 0.5 1 2 4 8

Frequency [kHz]

Fig. 7. Dependence of mean sound attenuation as a function

of frequency, for the earplug with different filters (F1, F2,

and F3) and for the full earplug (FE). Error bars show +1
standard deviation.

8.1.1. Statistical analysis

In order to verify the research hypotheses regard-
ing the influence of the acoustic filter diameter on
changes in the earplug attenuation, an ANOVA ana-
lysis of variance was used. The dependent variable was
the attenuation value of the earplug, while the fac-
tors were: “frequency”, “filter type” and “pink noise
level”. The overall analysis showed that “frequency”
is a factor significantly affecting the attenuation va-
lues {F(6) = 4720.91, p < 0.001}, similarly to “filter
type” {F(3) = 4225.49, p < 0.001}. It was also veri-
fied whether the level of testing sound can affect the
attenuation values obtained by the full earplugs and
earplugs with acoustics filters.

The level of stimulation of the used pink noise
turned out to be a factor that did not significantly
affect the values of the attenuation of the earplugs
with acoustic filters and in the case of the full earplug
{F(2) = 0.841, p = 0.432}. The relationship between
the attenuation values averaged over all the frequen-
cies, for the individual filter type and for respective
levels of stimulation is given in Fig. 8.

35 : B
—0—L,=85dB SPL
—O—L,=90dB SPL
—A—L,=95dB SPL

w
o

N
(&)
T
1

Acoustic attenuation [dB]
o S

o o

T d T
H—t3—H
_l 1

Filter type

Fig. 8. Mean values of acoustic attenuation for the earplug

with various acoustic filters (F1, F2, and F3) and for the

full earplug (FE) as the function of levels stimulation. Error
bars show +1 standard deviation.

The Tukey test showed that at the confidence level
p =0.05, the average values of attenuation for earplugs
with filters and full earplugs (FE) differ significantly.
Analysis of the results by groups, according to the
types of earplugs (with filters or full earplug) showed
that for filters F1 and F2 the averaged attenuations
do not differ statistically and are constant in the fre-
quency band of 250-500 Hz (Fig. 7), while for each of
the other frequencies the values of the average attenua-
tions are different and these differences are statistically
significant.

3.2. Results of the subjective method

The obtained values of acoustic attenuation for in-
dividual subjects and the average attenuation values
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for the full earplugs with F1-F3 filters are shown in

Figs 9-12.

Figure 13 shows a comparison of the mean attenu-
ation for individual earplugs with acoustic filters and
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Fig. 9. Attenuation values for full earplugs (FE). The re-
sults are for individual subjects and average values, ob-
tained using the subjective method. Error bars show +1

standard deviation.
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Fig. 10. Attenuation values for earplugs with acoustic fil-
ter F1. The results are for individual subjects and average
values, obtained using the subjective method. Error bars

show +1 standard deviation.
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Fig. 11. Attenuation values for earplugs with acoustic fil-

ter F2. The results are for individual subjects and average

values, obtained using the subjective method. Error bars
show +1 standard deviation.

for the full earplugs. Figure 14 shows the attenuation
values averaged over all the frequencies for individ-
ual earplugs with F1, F2, F3 filters and for the full

earplugs.
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Fig. 12. Attenuation values for earplug with acoustic fil-
ter F3. Results for individual subjects and average values.
Results obtained using the subjective method. Error bars
show +1 standard deviation.
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8.2.1. Statistical analysis

The results obtained from the subjective method
were also analysed on the basis of an ANOVA method in
which the dependent variable was “attenuation”, and
the factors were: “frequency”, “filter type”. The main
analysis of variance showed that both factors were sta-
tistically significant, at the significance level p < 0.001.
This means that both “frequency” {F(6) = 111.41, p =
0.001} and “filter type” {F(3) = 427.77, p = 0.001}
significantly affect the attenuation values of the tested
earplugs. Tukey’s test showed that at the confidence
level of p = 0.05, the attenuation values for earplugs
with F1 and F2 filters do not differ from each other,
while there are significant differences in the attenua-
tion values for the other cases, i.e., for the F3 filter and
for full earplugs (EP).

This means that for all types of earplugs with filters
and the full earplugs, the value of attenuation changed
as a function of frequency. However, the average values
of attenuation between F1 and F2 were not statistically
significant. It can therefore be concluded that the at-
tenuation characteristics of the earplugs with the F1
and F2 filters are comparable (Fig. 13). Only the use
of the F3 filter or full earplug significantly changed the
attenuation characteristics. This means that chang-
ing the inside diameter of the filter from 1.25 mm to
0.85 mm does not significantly affect the attenuation
characteristics. Therefore, to attain greater diversity
in the attenuation characteristics of the earplugs with
filters, a filter with a diameter smaller than the F1
and F2 filters and larger than the F3 filter should be
used. In addition, a filter with a smaller diameter than
F3 should be used to obtain higher attenuation values,
especially in the higher frequency band.

When analysing the results by group, according
to the types of filters, it turned out that for earplugs
with the F1 and F2 filters, the average attenuation
values increase with increasing the frequency and dif-
fer significantly for the 0.125, 1, 2, 4, and 8 kHz fre-
quency bands. It is only in the 0.25-0.5 kHz bandwidth
that the attenuation values of the F1 and F2 filters do
not show significant statistical differences. A similar
relationship of attenuation values as a function of fre-
quency was observed for the F3 filter.

The largest differences of the frequency response at-
tenuation in relation to the F1, F2, and F3 filters are
shown by the full earplugs (EP), i.e., it shows less se-
lectivity of attenuation in individual frequency bands.
The highest attenuation value falls within the 2-8 kHz
frequency range and is approximately 36 dB, while in
the 0.125-1 kHz range the attenuation value is smaller
and amounts to approximately 24 dB.

The above analysis shows that the earplug com-
bined with a properly selected acoustic filter allows to
obtain a large diversity of attenuation values in each
of the analysed frequency bands, which cannot be ob-
tained with a full earplug.

8.8. Comparison of the results obtained
by the objective and subjective methods

The next stage of the statistical analysis consisted
in comparing the obtained results of acoustic attenua-
tion for full earplugs and earplugs with different filters
(F1-F3), as obtained by the subjective method and
the objective method. Statistical analysis showed that
for objective measurements the effect of the level of
pink noise stimulation was not statistically significant,
therefore this factor was not taken into account in these
analyses. The factors were: “method”, “frequency”, and
“filter type”. A general analysis of ANOVA variance
showed that “frequency” and “filter type” are the fac-
tors that significantly affect the sound attenuation ob-
tained by earplugs {F(6) = 757.49, p < 0.001} and
{F(3) = 1340.46, p < 0.001}. It was shown that the
“method” turned out to be statistically insignificant
{F(1) = 0.36, p =0.547}. However, this result is very
generalised as it compares the average attenuation val-
ues obtained by the earplugs over all frequencies and
over all types of earplugs. Tukey’s post hoc analy-
sis showed that for individual frequencies, the aver-
age sound attenuation values (taking into account all
types of earplugs) differ significantly for the frequen-
cies of 0.25 kHz and 4 kHz. As it is shown in Fig. 15,
this figure presents the average attenuation values over
all types of earplugs as a function of frequency for the
objective and subjective methods.
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Fig. 15. Mean values of attenuation depending on the fre-

quency obtained with the objective method (squares) and

the subjective method (circles). Error bars show a 95% con-
fidence interval.

As stated previously, the largest differences in at-
tenuation values between the type of measurement
methods occur for the low frequency band (250 Hz)
and for higher frequencies (4000 Hz mainly). Most
likely, this is related to the transmission of acoustic
energy through vibrations of the skull/artificial head
bones. In the low frequency band, bone conduction
plays an important role in stimulating the inner ear
and can be a significant factor in lowering the hearing
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threshold in this frequency band. However, for high
frequencies the attenuation of airborne sound in an ar-
tificial head may be less than that of a real ear.

4. Discussion

The research results presented in the paper showed
that the average values of sound attenuation obtained
by the applied self-design custom moulded earplugs,
obtained on the basis of the objective and subjective
measurement method, give comparable values (compa-
re Fig. 8 with Fig. 14). However, when comparing
the sound attenuation values obtained by the custom
moulded earplugs for individual frequencies (Fig. 15),
there appear to be already significant differences for
the frequencies of 0.25 kHz and 4 kHz. It was particu-
larly important that the change of the internal diame-
ter of the F1 filter from 1.25 mm to 0.85 mm (F2 filter)
did not significantly affect the attenuation characte-
ristics.

BERGER (2005) is one of the works with research
topics very similar to the issues discussed in this ar-
ticle. The author compared three methods of measur-
ing the effectiveness of hearing protectors, i.e., the real
ear attenuation at threshold (REAT) method based on
measuring the hearing threshold of people with hearing
protectors and two objective methods. The first objec-
tive method is analogous to that used in this work,
based on a measuring system consisting of an artificial
ear/artificial head (acoustical test fixtures — ATF). The
second objective method was to measure the sound
level in the ear canal after putting on the hearing pro-
tector by placing a microphone near the eardrum (mi-
crophone in real ear-MIRE). In BERGER (2005), the
ATF method used an artificial head Briiel & Kjeer
Type 5128 which did not imitate the ear canal, while
the artificial head used in the present work — Briiel
& Kjeer 5158 — used a full mapping of the ear canal.
BERGER (2005) obtained greater variances in the de-
termined attenuation values, reaching about 20 dB for
frequencies 4 and 8 kHz. In the conclusion of the work
(BERGER, 2005), it was stated that the REAT method
is considered optimal, although it is not without draw-
backs, such as those resulting from the need to in-
volve a group of people to perform time consuming
measurements. When the MIRE method is used, bone
conduction is not included in the process of acoustic
energy transmission. The optimal solution would be
to use the ATF method to measure the attenuation
characteristics of hearing protectors, both over-the-ear
and in-the-ear, and this has been attempted in this
study.

The work Kozrowskl and MryNsk1 (2017) fo-
cused on determining the attenuation characteristics
of hearing protectors in the band above 8 kHz, i.e., 10,
12.5, and 16 kHz. Hearing protectors (earmuffs) were
used. The subjective (REAT) and objective methods

were also used based on the “acoustic text fixture —
ATX” — the artificial head of G.R.A.S. 45CB. The
authors of this study examined a total of 27 hear-
ing protectors (different companies and types) and ob-
tained large differences in attenuation between indi-
vidual types of protectors, reaching up to 40 dB at
16 kHz. In addition, they found differences between
the attenuation results based on different methods.
For the 10 kHz frequency, the average attenuation va-
lues determined by the objective method were higher
by 6 dB, while for the 12.5 and 16 kHz frequencies
they were greater and these differences on average even
amounted to 15 dB.

The use of an objective method of measuring the
effectiveness of the attenuation obtained by hearing
protectors may be particularly useful when it is neces-
sary to assess the degree of exposure to a particularly
dangerous impulse (MEYNSKI et al., 2014). MEYNSKI
et al. (2014) studied the effectiveness of attenuation
of two types of hearing protectors (foam earplug and
earmufl) in the case of an impulse noise, namely, the
impact of a steel hammer at the workplace. In their
research they used the objective AFT method. The
test results have shown that the highest attenuation
efficiency was demonstrated by earplugs.

5. Conclusions

To sum up, the most important conclusions result-
ing from this work are as follows:

e The results of this study did not confirm the hy-
pothesis that the measurement method had no sig-
nificant effect on the attenuation characteristics of
self-designed custom moulded earplugs with dif-
ferent types of acoustic filters.

e In the case of an objective method of measuring
the sound attenuation provided by earplugs, it was
shown that in addition to the significant effect of
frequency {F(6) =4720.91, p <0.001}, the atten-
uation values also significantly depended on the
type of acoustic filter used {F(3) = 4225.49, p <
0.001}.

e The objective measurement method showed that
different levels of stimulation (85, 90, and 95 dB)
of the test signal, which was pink noise, did not
significantly affect the attenuation efficiency for
either the full earplug and for the earplugs with
F1, F2, and F3 filters.

e Tukey’s test showed that at the confidence level
of p = 0.05, the average attenuation values for
earplugs with F3 filters and full earplugs (FE) ob-
tained from objective measurements differ signifi-
cantly from each other. No statistically significant
differences were found in the average attenuation
values between earplugs with F1 and F2 filters. It
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means that changing the inside diameter of the fil-
ter from 1.25 mm to 0.85 mm did not significantly
affect the attenuation characteristics.

e The results of the objective method indicated that
in the whole frequency range the highest attenua-
tion is shown by the full earplugs, achieving 8 kHz
average attenuation slightly above 45 dB. In turn,
in the case of earplugs with filters, the maximum
attenuation falls in the 2—4 kHz frequency band,
and for 4-8 kHz it decreases by about 6 dB.

e The attenuation values obtained from subjective
measurements also confirmed that both the fre-
quency {F(6) = 111.41, p = 0.001} and the type
of filter {F(3) = 427.77, p = 0.001} significantly
affect the attenuation values of the tested hearing
protectors.

e Just as with the use of the objective measurement
method, the subjective method did not indicate
significant differences in attenuation when using
the F1 and F2 filters.

e The comparison of the average attenuation val-
ues of the earplugs over all frequencies and over
all types of earplugs with the average attenuation
values obtained from the objective and subjective
methods showed that overall the measurement
method does not significantly affect the mean at-
tenuation values {F(1) = 0.36, p = 0.547}. Howe-
ver, Tukey’s post hoc analysis showed that for
individual frequencies, the average sound atten-
uation values (taking into account all types of
earplugs) differ significantly for the frequencies
of 0.25 kHz and 4 kHz. It means that the mean
sound attenuation characteristics determined by
two methods differ significantly.

It should be added that the increasingly enhanced
systems of artificial ear /artificial head, especially those
in which the full projection of the ear canal has been
used, gives reason to hope that in the future fully ob-
jective measurement of the attenuation provided by
any hearing protectors and earplugs will be possible.
The research results included in this work are prelimi-
nary studies. However, it should be stressed upon that
the Head and Torso Simulator Briiel & Kjzer Type
5128 does not take into account bone transmission (vi-
brations), which occurs with the perception of sounds
in the auditory system. There is therefore some con-
cern that, especially in the low frequency ranges, where
bone conduction plays an important role, differences in
acoustic attenuation values may arise with the objec-
tive and subjective methods. The plan is to use a cus-
tom moulded earplugs with a greater variety of acous-
tic filters in subsequent research and to significantly
increase the group of people surveyed with the subjec-
tive method. In addition, future research should take
into account an important factor, namely, the propaga-
tion of acoustic energy through the bone in the real ear

and the modelling of this phenomenon in the artificial
head and torso system.
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A challenge for developing acoustic metamaterials (AMMSs) is considering the application of broadband
muflling and load bearing capacity simultaneously. In this paper, a honeycomb based graded AMM muffler
is proposed, which can widen the attenuation band and improve the structural stiffness without any external
device by means of integrated design. Firstly, the acoustic and mechanical characteristics of the muffier unit
cell are theoretically and numerically studied, and the graded muffler is designed based on these characteristics.
The numerical results show that the graded muffler widens the attenuation bandwidth of the unit cell, and the
simulation also shows that the graded muffler has greater stiffness than the uniform one. The stiffness driven
mufller provides new possibilities for the design of advanced metamaterial with simultaneous sound insulation

and load bearing performances.
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1. Introduction

In recent years, phononic crystals (PCs) or acous-
tic metamaterials (AMMSs) have attracted extensive
attention due to their unusual ability to manipulate
elastic waves and flexible design (DEYMIER, 2013).
By introducing the concept of phonon band gap
(NARAYANAMURTI et al., 1979; S1GALAS, ECONOMOU,
1992; KUSHWAHA et al.,, 1993), the sound insulation
effect of AMMSs can be explained from the perspec-
tive of wave mechanics. Band gaps represent frequency
ranges where waves cannot pass through. Initially, the
generation of band gaps is thought to be attributed
to the destructive interference in a periodic struc-

medium, provided that the article is properly cited, the use is non-commercial, and no modifications or adaptations are made.

ture (MARTINEZ-SALA et al., 1995; MONTERO DE Es-
PINOSA et al., 1998; VASSEUR et al., 1998; SHAO et al.,
2020; CHEN et al., 2021a; 2021b), so the lattice con-
stant must be of the same scale as the wavelength.
Later, due to the low frequency band gaps induced
by local resonances (LIU et al., 2000), it is possible
for AMMs to control elastic waves by elaborately de-
signed subwavelength scale microstructure (QIAN, SHI,
2017), which provides a new solution for low frequency
noise reduction. However, the development of AMMs
is still restricted by the narrow band gap width and the
sensitivity to external load. Many scholars have made
impressive contributions to solving these problems by
using external devices such as absorbers, circuits, and
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magnetic fields (BRENNAN, 1997; NisHIDA, Koop-
MANN, 2007; WANG et al., 2011; PoPA et al., 2013;
CHEN et al., 2014; WANG, CHEN, 2015; X1A0 et al.,
2015). In spite of this, it is still challenging to achieve
the integrated design of AMMSs with broadband sound
attenuation and load bearing performances.

Cellular honeycomb structures appear widely in na-
ture and are manufactured on a large scale (WANG,
2019). In the past two decades, a large number of
studies has been conducted on the basic mechanical
behaviour of honeycomb structures (CAMATA, SHING,
2010; ASPRONE et al., 2013; SUN et al., 2017; L1
et al., 2018). When honeycomb structures are subjec-
ted to out-of-plane compression loads, their stiffness
is almost the same as that of solid materials with the
same thickness (FAN et al., 2006; KHAN et al., 2012).
To satisfy the various requirements with the devel-
opment of scientific engineering, many creative hon-
eycomb based structures are proposed (MICHAILIDIS
et al., 2009; CORREA et al., 2015; CHEN et al., 2016;
HAN et al., 2016; HUANG et al., 2016; WANG et al.,
2021). By embedding the honeycomb cells with dif-
ferent materials or structures, such as foam, tubes, or
even other polymer materials, honeycombs can be de-
signed to have desirable properties (ZAREI MAHMOUD-
ABADI, SADIGHI, 2011; XI1ANG, Du, 2017; LU et al.,
2018; WaNG, Liu, 2018, 2019).

Functionally graded materials (FGMs) are advan-
ced engineering materials designed for a specific per-
formance or function in which a spatial gradation
in structure and/or composition lend themselves to
tailored properties (NAEBE, SHIRVANIMOGHADDAM,
2016). Originally, FGMs are designed to relax the
internal thermal stress by gradually changing their
composition from metallic to ceramic (KAWASAKI,
WATANABE, 1997). Nowadays, FGMs have extended
their applications to electronics, chemistry, optic,
biomedicine, nuclear engineering, civil engineering, and
many other fields (Korzumi, 1997). A large number
of studies has been conducted on the special proper-
ties of FGMs (ABouDI et al., 1999; CHENG, 2001;
SHEN, 2002; CHEN, LEE, 2003; TsukAMOTO, 2003;

a) ©) Load

p

_____ 2
= 11‘

Graded muffler

JABBARI, SOHRABPOUR, 2014). In brief, the superior
performances of FGMs come from the spatially inho-
mogeneous composition or microstructure.

In this paper, a honeycomb based graded metama-
terial muffler is proposed. By embedding the honey-
comb cells with local resonance microstructures, the
requirements of noise reduction and bearing capacity
can be simultaneously satisfied. As a kind of stiffness
driven honeycomb structure, it can be designed to meet
the deformation requirements. Acoustically, the honey-
comb frame can satisfy the general broadband sound
insulation, while the local resonance microstructures
are used to attenuate the strong noise in the specific
frequency band. The band gap broadening can be re-
alised by the combination of multiple unit cells with
lattice constant graded variation. First, we study the
muffler unit cell (Fig. 1a) and obtain the relationship
between lattice constant and its acoustic and mechan-
ical properties. Then we combine unit cells of differ-
ent sizes into a graded muffler (Fig. 1b) to widen the
band gap. The out-of-plane load bearing capacity of
different configurations is also tested numerically. The
results show that both the acoustic and mechanical
properties of the graded muffler are better than those
of the uniform one. Different from conventional acous-
tic metamaterial, due to the structural and functional
integration design, this muffler does not require an ex-
ternal device to adjust the band gap, which means that
it has higher reliability and robustness. Compared with
membrane type or traditional plate type AMMSs, this
honeycomb based muffler is more resistant to out-of-
plane deformation. In contrast to AMMSs relying on
soft materials such as rubber, the acoustic band gap
of this muffler is independent of the structural mate-
rial, so different materials can be selected according to
the amplitude of the load. Since it is made of single
material, it can be conveniently fabricated by additive
manufacturing technology, leading to a broad applica-
tion prospect. For instance, periodic graded mufflers
(Fig. 1c) can be used as a sound insulation floor of an
aircraft cabin (Fig. 1d) thus providing a quieter envi-
ronment for passengers.

_____________________

AMM muffler plate Airplan;c?rci)iss section

Fig. 1. Honeycomb based graded metamaterial muffler: a) the muffler unit cell of lattice constant I; b) a graded
muffler consisting of three unit cells with different lattice constants; ¢) an AMM muffler plate consisting of multiple
graded mufflers arranged periodically; d) potential application in aircraft.
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2. Theoretical model of unit cell

As shown in Fig. 2, the unit cell can be considered
to be composed of three reinforcing ribs and a per-
forated cylindrical tube on the basis of a honeycomb
cell. The geometric parameters of one unit cell are rep-
resented schematically by the explosion view and cross
section. Here, [ represents the lattice constant, a rep-
resents the side length of the regular hexagon, 7 is
the tube inner radius, ro is the perforation radius,
t represents the honeycomb cell-wall thickness, tube
wall thickness, reinforcing rib thickness, and end cover
thickness. In this paper, the acoustic impedance of all
possible solid materials is much higher than that of
air, so from the perspective of aeroacoustics, all solid
material boundaries can be regarded as hard acoustic
field boundaries.

T

I-2t

Fig. 2. Schematic illustration of the muffler unit cell with
geometric parameters.

The unit cell contains three cavities, each of which
works as an acoustic chamber resembling a Helmholtz
resonator. When the resonator vibrates, it will radi-
ate sound field to the surrounding medium, and the
resonator will be affected by the field generated by it-
self. Consider a piston acoustic source of radius 79 that
vibrates at velocity u = wexp(jwt), where j = /=1
is imaginary unit, w is angular frequency, The addi-
tional radiation impedance (JUNGER, FEIT, 1986) is
given by:

1 (2kry) LS| (2krs)
2(kT2)2 ’

where J; is the Bessel function of first kind for order
one, K is the modified Bessel function of second kind
for order one, k is wavenumber, p, and ¢, are the den-
sity and sound speed of air. When krs < 1, the piston
radiation reactance X,. can be obtained from the imag-
inary part of Z,., that is, X, = Im(Z,.) = 8pgc.krs/3.
Considering that the oscillator radiates in both posi-
tive and negative directions, the additional mass can
be obtained as

(1)

Ly = pacam“g 1 o
2

2X, 16
= - = Eparg‘ (2)
Thus, the resonant frequency of Helmholtz reso-
nator considering the additional mass correction cau-

sed by acoustic radiation can be written as:

M,

P \} 7 (raca)’ |
Am2Vp [t + M,/ (par3)]
where
Vi = (a®/2-nr3[3)(1 - 2t)
~(VBa=r +2mr/3) (1 - 2)t
+ (1/2 -V/3/6 - 7r/3) (1-2t)2

is the acoustic chamber volume. To filter out acoustic
waves at undesired frequencies, called target frequen-
cies here, the design parameters should be adjusted so
that the Helmholtz resonance frequency is equal to the
target frequency.

Then consider the out-of-plane mechanics proper-
ties of the unit cell. Here the function of the honeycomb
based unit cell is carrying normal loads in planes con-
taining the axis of the hexagonal prism. The compres-
sive moduli of the cell walls or ribs are much larger
than the flexural moduli of the end covers. Thus, it is
assumed that the carrying capacity of the end cover
can be ignored. In addition, it is necessary to consider
the negative effect of perforations on the bearing ca-
pacity of the cylindrical tube. An equivalent section
method is adopted to simplify the part of the tube
wall with a perforation to a wall of constant thickness,
as shown in Fig. 3. The volume of the tube remains
constant before and after the simplification, by which
we can obtain the equivalent thickness

2r1r§

teq:[l— ]t,
L(2r +t)\/r-713

and the equivalent cross sectional area of the unit cell

(4)

Acq = 3m (11 +t/2) teq + (90— 3r1 —ry) t

—(4v3+3+7/2) 2
( )

Fig. 3. Equivalent simplification of the perforated
cylindrical tube.

It should be noted that the compressional wave ve-
locity of the solid material ¢, is equal to that of the
unit cell ¢*, that is

VEs/ps =\ E:/p*,

(6)
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where E; and ps are the Young’s modulus and den-
sity of the solid material, respectively, E} is the com-
pressive modulus of the unit cell, and p* = m/(A*])
is the density of the unit cell with A* = 3v/3a%/2 being
the area of the regular hexagon and m being the mass
of the unit cell. Throughout, the subscript s refers to
a property of the solid material while a superscripted *
indicates an equivalent property of the unit cell itself.
Accordingly, the compressive modulus of the unit cell
is given by

* EsAe
Ec = Tq (7)

3. Finite element model

The range of acoustic band gap can be determined
by the phonon dispersion curves, which, however, can-
not reflect the attenuation degree of acoustic waves.
Acoustic transmission loss (TL) can be used to demon-
strate the effect of structure on acoustic wave attenua-
tion at different frequencies. Phonon dispersion analy-
sis and acoustic TL analysis can be conveniently in-
troduced by taking the air domain inside the muffler
structure as a unit cell either, here called an air unit
cell to distinguish it from the original muffler unit cell.
We assume small deformations here, and therefore ne-
glect acoustoelastic coupling. FE models of the air unit
cell (Fig. 4a) and muffler unit cell (Fig. 4b) are es-
tablished to reveal acoustic and mechanical properties
of unit cells with different lattice constants I through
COMSOL Multiphysics. Bloch periodic boundary con-
ditions (BLOCH, 1929) are set on the two highlighted
end faces in Fig. 4a for phonon dispersion analysis.
When TL analysis is needed, the plane wave radia-
tion boundary condition is set on one of the high-
lighted faces in Fig. 4a, and the perfect matching layer
is set on the other face. Acoustic TL is defined as
TL = 10log (I;/1;), where I; and I; are the sound inten-
sity of the incident wave and transmitted wave, respec-

a)

z
v.lx  (Muffler) Unit cell

Air unit cell

<)

100 mm 5 x 20 mm

| "122

Config. A Config. B Config. C

Fig. 4. a) Finite element model for the air domain (or air

unit cell) enclosed by the muffler; b) a finite element model

for the muffler unit cell; ¢) three different configurations of
a honeycomb based muffler.

tively. To obtain the compression stiffness k* and spe-
cific modulus EX/p* of the unit cell, a displacement w
in the negative direction of z-axis is applied to the
highlighted surface in Fig. 4b, and the z-axis displace-
ment of the bottom surface is set to zero. The stiffness
is calculated by k* = - f./w. Then from the axial stress-
strain relationship we can obtain the specific modulus
EX/p* = —f.l] (p*A*w), where f. is the constraining
force on the bottom surface.

Three different configurations are designed to ver-
ify the performances of the honeycomb based unit
cell and the superiority of graded muffler structure as
shown in Fig. 4c. Configuration A is a common honey-
comb cell with the reinforcing tube. Configuration B
consists of five identical unit cells with the lattice con-
stant of 20 mm. Configuration C is a graded metamate-
rial muffler with the total length of 90 mm, composed
of five unit cells with graded changes in lattice con-
stants. FE method (COMSOL Multiphysics) is used
to calculate the TL and linear compression stiffness of
the three configurations to compare their acoustic and
mechanical properties.

4. Results and discussions

In this section, we first study the acoustic and me-
chanical properties of the muffler unit cell and then
explore the influence of graded combination mode, na-
mely, the offset ratio, on the performance of the muf-
fler. Considering that the lattice constant correspond-
ing to the target frequency is [, the offset ratio is
defined as a = Al/l, where Al is the deviation from
the central lattice constant. Based on these studies,
a graded muffler is designed and manufactured, and
its sound insulation performance is tested by numerical
methods. The improvement of sound insulation perfor-
mance can be verified by comparing it with the other
two configurations. In the following theoretical and nu-
merical calculations, the physical parameters of air in-
clude: the density p, = 1.2 kg/m3, sound speed ¢, =
343.2 m/s, dynamic viscosity 7, = 1.84-107° Pa-s, bulk
viscosity np = 1.09 - 107° Pa-s, ratio of specific heat
~va = 1.4, specific heat capacity C, = 1000 J/(kg-K),
and thermal conductivity k, = 0.026 W/(m-K). The
physical parameters of the solid material in the theo-
retical and numerical calculations include: the density
ps = 2600 kg/m?, Young’s modulus E, = 70 GPa, and
Poisson’s ratio vg = 0.3. As shown in Fig. 2, the geo-
metric parameters of the unit cell include: the regular
hexagon side length @ = 50 mm, the cylindrical tube in-
ner radius 1 = 5 mm and perforation radius ro = 2 mm,
the thickness t = 2 mm.

4.1. Acoustic band gap of the unit cell

As shown in Fig. ba, the acoustic band gap of the
unit cell is given by the upper and lower edges, the
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Fig. 5. a) Influences of the lattice constant on acoustic
band gap frequency range and normalised transmission
loss; b) a partial enlarged drawing of Fig. 5a.

detailed sound insulation capability at different fre-
quencies within the band gap is denoted by the co-
lour legend, and the white dashed line represents the
Helmholtz resonance frequencies for different lattice
constants calculated by theoretical model. Here, the
normalised TL (nTL) is adopted because we are mainly
concerned with the variation pattern of the peak fre-
quency of sound insulation with respect to the lat-
tice constant, rather than the absolute sound insula-
tion. The maximum value of TL is set to 1 and the
minimum value is set to 0. Overall, the theoretical
and finite element model match well. It can be ob-
served from Fig. 5a that the band gap beginning fre-
quency is closely followed by the resonant frequency
or target frequency. The unit cell has a wide acoustic
band gap, but the nTL is not uniformly distributed
in the band gap range. The sound insulation is sig-
nificantly effective near the resonant frequency, as the
incident wave frequency moves away from the resonant
point, the normalised TL decreases sharply, as shown
in Fig. 5b. These phenomena result from the local res-
onance mechanism (LIU et al., 2005; DING et al., 2007;
ZHOU et al., 2017), which can realise wave control by
subwavelength structure but often leads to a strong
but narrow attenuation band. As shown in Fig. 5b,
compared with the gap bandwidth obtained by the dis-
persion curves, the actual sound insulation bandwidth
considered to be effective (nTL > 0.5) is very narrow.
We can use the band gap range with strong sound in-
sulation effect (nTL > 0.5) to control the strong sound
source of specific frequency, while the other band gap
range is used for general frequency band insulation.

Therefore, we consider combining unit cells with dif-
ferent lattice constants to form a graded structure
for broadband sound attenuation. The band gap of
nTL > 0.5 is used as the design basis. It is noted that
when the lattice constant [/ is smaller than 25 mm, the
band gap frequency is more sensitive to the variation
of the lattice constant.

4.2. Load bearing capability of the unit cell

The mechanical properties of unit cells with differ-
ent lattice constants are shown in Fig. 6. The theory
and the numerical results agree very well. The mechan-
ical properties are described from two perspectives.
The specific compression modulus (or specific modu-
lus) characterises the equivalent properties of a muf-
fler unit cell as a material, while the compression stiff-
ness more directly reflects the ability of the unit cell as
a structure to resist deformation. As the lattice con-
stant increases, the specific modulus goes up, but the
stiffness decreases, indicating an increase in relative
efficiency against physical deformation, but a decrease
in absolute resistance to deformation. Hence, the lat-
tice constants should be selected according to practical
needs in engineering applications.

9
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Fig. 6. Influences of the lattice constant on the unit cell
compressive stiffness and specific modulus.

4.8. Influence of offset ratio

The influences of offset ratio « on the transmis-
sion loss and stiffness of graded structure are shown
in Fig. 7. Considering that the lattice constant cor-
responding to the target frequency is [, the offset ra-
tio is defined as o = Al/l, where Al is the deviation
from the central lattice constant. Here, a five-unit-cell
graded structure is used to investigate the influence
of offset ratio. The lattice constants of these five cells
are (1-2a)l, (1-a)l, I, (1+«)l, and (1 +2«)l. For
[ = 20 mm, the influence of the offset ratio on sound
insulation is shown in Fig. 7a. It can be seen that as
the offset ratio increases, the effective band gap width



www.czasopisma.pan.pl B%INV www journals.pan.pl
. (O
218 Archives of Acous

—Volume 47, Number 2, 2022

POISK

a
) 300
250
)
=200
w
wv
2
= 150
.2
w
B
£ 100
w
=1
s
= os0r
of o . . .
200 400 600 800 1000 1200
Frequency [Hz]
b :
) ; x10°
G & —a
6
G--—————— O ———————— O--=-=-=-==-=-= -0

—&—/=20mm —©--/=25mm /=30mm

Stiffness [N/m]

0 0.05 0.1 0.15 0.2 0.25 0.3
Offset ratio a
Fig. 7. Influence of the offset ratio on: a) transmission
loss; b) compression stiffness under different lattice con-
stants.

(nTL > 0.5) becomes wider, but the attenuation mag-
nitude of the peak transmission loss decreases. When
the offset ratio is relatively small, such as 0.05, the peak
is barely broadened. When the offset ratio is selected
as a relatively large value, such as 0.2, the attenuation
peak is divided into five separate parts, which is not ex-
pected to happen with band structures. Therefore, in
order to achieve a wide and relatively high attenuation
band gap, a medium « value, such as 0.1, is accept-
able. The influence of the offset ratio on compression
stiffness under different lattice constants is shown in
Fig. 7b. It can be seen that the stiffness is negatively
correlated with the lattice constant, but almost does
not change with the offset ratio. This is because the
horizontal cover plates are not the main components
to bear axial compression, and the position of the cov-
ers has negligible effect on the stiffness, which brings
more design flexibility.

4.4. Acoustic and mechanical properties
of graded mufflers

As a result, five unit cells with lattice constants of
14 mm, 16 mm, 18 mm, 20 mm, and 22 mm are com-
bined to construct a graded composite muffler (config-
uration C) for band gap broadening. The offset ratio of
configuration C is 0.11, which is a moderate value, thus
achieving a wide and relatively high attenuation gap.
We compare the sound insulation characteristics of or-
dinary honeycomb cell (configuration A), uniform pe-
riodic muffler (configuration B), and graded composite

muffler (configuration C), as shown in Fig. 8. Configu-
ration A has no sound insulation peak due to the ab-
sence of acoustic chambers. Configuration B has only
one sharp TL peak because of its single resonant fre-
quency. Configuration C has five peaks resulting from
five different acoustic chambers. Compared with con-
figuration B, configuration C has a smaller TL peak
value, but the effective band gap width (nTL > 0.5) is
47% wider, and geometrically configuration C is only
90% the size of configuration B, which means it is
lighter and takes up less space. This broadband at-
tenuation effect is numerically confirmed.
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Fig. 8. Transmission loss of the three different muffler
configurations.

To investigate the frequency dependent sound pres-
sure distribution of the wave propagation path, its FE
volume plots of sound pressure level (SPL) are pre-
sented in Fig. 9 at typical frequencies including 555 Hz
(the TL peak frequency for both configuration B and
configuration C) and 685 Hz (the TL peak frequency
only for configuration C). The reference sound pres-
sure is 20 pPa. It can be seen from Fig. 9 that the SPL
in configuration B varies uniformly. At its TL peak
frequency of 555 Hz (Fig. 9a), SPL drops evenly and
rapidly along the sound propagation path. At 685 Hz
(Fig. 9b), the SPL decreases relatively slowly, but still
varies in a uniform way. For configuration C, when the
incident wave frequency is equal to the resonant fre-
quency of one of the acoustic cavities, a rapid drop of
SPL occurs near this cavity, and this phenomenon is
particularly obvious in Fig. 9d. At the acoustic cav-
ity indicated by the arrow, the SPL drops by about
63 dB. It is the presence of multiple resonant frequen-
cies that allows configuration C to have a broader band
gap compared with configuration B, at the expense of
part of the single frequency absorption capacity.

Through numerical simulation, the structural com-
pressive stiffness of the three configurations A, B, and C
(Fig. 4c) is obtained, which is K4 = 4.62 - 10® N/m,
Kp = 6.64-10° N/m, and Ko = 7.41-10% N/m, res-
pectively. Configuration A (common honeycomb cell)
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Fig. 9. Sound pressure level distributions of the two config-
urations of mufflers (configuration B and configuration C)
at 555 Hz and 685 Hz.

has the worst stiffness characteristics. Configuration C
(graded muffler) has 11.6% higher stiffness than that
of configuration B (uniform periodic muffler) while its
length is 10% shorter and the mass is 4.5% lighter. This
is because shorter and lighter unit cells have greater
stiffness, as shown in Fig. 7b. Due to the series arrange-
ment of unit cells in configurations B and C, we can
estimate the equivalent stiffness of the two structures
by regarding them as multiple springs in series. That is,
a single unit cell is regarded as a spring, and a combina-
tion of multiple cells is regarded as a series of springs.
According to the stiffness of a unit cell obtained in Sub-
sec. 4.2, K =6.31-10° N/m and K¢ =7.12-10° N/m
are calculated by the spring series formula, neither de-
viation from the numerical result is more than 5%.

5. Conclusion

The proposed honeycomb based graded metamate-
rial muffler shows excellent broadband sound attenua-
tion and stiffness properties. Based on the Helmholtz
resonance theory and cellular solids theory, acoustic
and mechanical theoretical models are established, re-
spectively. Also, different finite element models are de-
veloped via the commercial software COMSOL Multi-
physics for comparison. The finite element calculation

results match well with the theoretical results. The re-
sults show that acoustic metamaterials can be used
as both structural and functional materials by setting
up resonance structures in cellular solids. In addition,
by introducing graded structure design, the effective
subwavelength band gap can be extended at a certain
offset ratio, at the cost of the loss of acceptable single
frequency muffling effect. The graded muffler is supe-
rior to the uniform muffler in the noise elimination ef-
fect and stiffness characteristics. Therefore, the pro-
posed metamaterial muffler achieves broadband sound
attenuation without loss of bearing performance, which
shows promising potential for noise control engineering.
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