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Determining Attenuation of Impulse Noise
With an Electrical Equivalent of a Hearing
Protection Device

Rafat Miynski
Emil Koztowski
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Determining the effectiveness of impulse noise attenuation with hearing protection devices (HPDs) is an
important part of their selection. Measuring impulse noise parameters under an HPD would involve exposing
subjects to impulses with a high peak sound pressure level. This paper presents a computational method of
determining impulse noise parameters under the cups of earmuffs. Calculations are done using the transfer
Sunction of earmuffs, determined with Shaw’s electrical equivalent of an HPD, taking into account the design
parameters of earmuffs. The developed method was used for calculations in the presence of impulse noise gen-
erated by gunshots. To verify the computational method, the results of these calculations were compared with
the results of measurements.
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1. INTRODUCTION

Impulse noise is a hazard in workplaces where
objects collide, e.g., in all types of hammers and
presses. It is also an inherent phenomenon associ-
ated with explosive materials and shots from fire-
arms. Noise generated during explosions and
shots is a hazard especially faced by soldiers.
This problem applies also to civilian employees
in workplaces related to testing and maintaining
weapons and testing the properties of explosive
materials. Explosives are used in the construction
industry and mining, too. The sources of expo-
sure to impulse noise also include shots from fire-
arms outside military use, such as sporting guns,
shotguns used for hunting and firearms used by
law enforcement, including noise ammunition.
For steady noise, the procedure for selecting
hearing protection devices (HPDs) based on esti-

mating the effective A-weighted sound pressure
levels (SPLs) under HPDs [1] has been used for a
long time. However, there is no similar solution
for the impulse noise hazard. The proposal indi-
cated in informative annex B to Standard No. EN
458:2004 [2] offers certain possibilities, but its
result can be an assessment of the effectiveness of
HPDs in terms of two parameters only:
A-weighted equivalent SPL and peak SPL. How-
ever, assessing impulse noise hazard according to
the hearing damage risk criteria developed for the
army requires knowing not only the amplitude-
related parameter, but also the duration of the
acoustic impulse [3, 4, 5, 6, 7, 8, 9].

Therefore, the computational possibilities of
determining the effectiveness of attenuating
impulse noise with HPDs are limited. On the
other hand, testing attenuation of impulse noise
generated by explosions or shots with a high peak
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SPL would present a tangible risk for the sub-
jects’ hearing. This paper presents a computa-
tional method of determining impulse noise
parameters under the cups of earmuffs, without
exposing human subjects. The parameters of
noise under the earmuff cup, i.e., noise to which a
person wearing earmuffs is exposed, are deter-
mined on the basis of the time waveform of
impulse noise recorded at the potential location of
a subject wearing an HPD.

Calculating parameters characteristic for impulse
noise under earmuffs also requires that the transfer
function of these earmuffs be known. This paper
suggests a method for determining the transfer
function of earmuffs based on Shaw’s electrical
equivalent of an HPD [10], taking into account the
design parameters of earmuffs. Brinkmann [11]

and Mlynski and Zera [12] calculated the time
waveform under earmuffs with the transfer func-
tion of earmuffs determined with measurements in
the presence of an acoustic signal. The authors of
the present work are not aware of anyone using an
electrical equivalent of an earmuff.

2. METHOD

2.1. Determining Waveform of Impulse
Noise Under HPD

Knowing the time waveform under a HPD makes it
possible to determine the value of any parameter of
noise, both related to the signal level and the dura-
tion of the impulse. Figure 1 illustrates determining
the noise waveform under a HPD.

impulse noise
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Figure 1. Diagram for computing the time waveform of impulse noise under a hearing protection
device (HPD) and the parameters of that noise. Notes. L., = peak sound pressure level,
Lcpeak = C-weighted peak sound pressure level, Lgy g, = A-weighted noise exposure level normalized to an

8-h working day (daily noise exposure level).
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Recording the time waveform of impulse noise
x(t) occurring at the location of the subject
exposed to impulse noise is an indispensable
component of the developed method. Calculating
the waveform of noise under the HPD consists in
performing the operation of convolution of the
recorded noise time waveform x(7) and the
impulse response A(f) characteristic for the prop-
erties of the HPD in question. The impulse
response is obtained on the basis of the transfer
function of the HPDs through the operation of
inverse Fourier transform. The calculated time
waveform of impulse noise under the HPD y(¢)
can be subsequently used to determine any
parameters of the noise. The determined parame-
ters are the basis for assessing impulse noise
hearing hazard according to specified criteria [3,
4,5, 6, 13, 14]. Staying within the permissible
values of parameters, considered in the hearing
damage risk criterion, is reflected in the assess-
ment of suitability of a particular HPD for protec-
tion against impulse noise whose time waveform
x(t) was recorded at the location of the human
subject.

In this paper, the waveform y(f) was used to
determine the value of the basic parameter in
assessing impulse noise in the workplace, the
C-weighted peak SPL (L e,), defined in regula-
tions on workplaces [13, 14]. Moreover, the peak
SPL (L,
were determined; they are considered in Pfander’s
hearing damage risk criterion [4, 5].

«) and the C-duration of the impulse

2.2. Determining Transfer Function of
Earmuff With Shaw’s Model

One way to represent the properties of the ear-
muff is to use an electrical equivalent, built on the
basis of electro-mechano-acoustic analogies in
acoustics with the design parameters of the ear-
muff [15]. Physical models of HPDs were used
mainly to describe their properties in the condi-
tions of continuous noise [10, 16, 17, 18]. Only
one study discussed the possible modifications
indicated in modelling HPDs in the presence of
impulse noise [17]; they are qualitative and
informative only. Those models were used to
obtain the amplitude frequency responses of
attenuation of the earmuffs, and the description in

question was used to determine both the ampli-
tude and phase frequency response of the earmuff
in one case only [18].

Shaw’s diagram is the most universal represen-
tation of an earmuff [10] (Figure 2). Shaw
referred his model to a theoretical, ideal earmuff
to obtain amplitude transmission loss characteris-
tics of a vibrating system comprised of a rigid
cup and a flexible cushion, testing the influence
of specific parameters of the earmuff on its atten-
uation. The method for determining the parame-
ters of impulse noise used in this paper considers
the properties of actual earmuffs. Besides,
because determining the time waveform of
impulse noise under the earmuff cup requires
knowing both the amplitude and the phase fre-
quency response of the earmuff, Shaw’s earmuff
model was used to determine the transfer function
of earmuffs, taking their design parameters into
consideration.

signal outside earmuff

Figure 2. Diagram of an earmuff. Notes. The
figure is modelled on Shaw [10]. M = mass of
earmuff cup, V = volume enclosed by cup shell,
K = stiffness of cushion, R = mechanical resist-
ance of cushion, A = surface area, Z = acoustic
impedance representing cup leakage.

Representing an earmuff according to the dia-
gram in Figure 2 leads to the electrical diagram in
Figure 3, which this paper uses to determine the
transfer function of an HPD. The electrical circuit
inductance Ly, resistance Ry and Ry, capacitance
Cx and Cy, depend on the design parameters of
the earmuff, M, A, R, K and V, in the way Shaw
presented, according to the relationship:

2
=8 R =PC =ﬂ2,CK =A_,CV =L2,
A A K PoC
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where p, = medium density; ¢ = speed of sound;
M = mass of one earmuff cup; A = contact surface
area of the cup cushions; K = stiffness, R =
mechanical resistance of the cushion; V = volume
enclosed by the shell of one earmuff cup, cor-
rected for 2 cm3, i.e., the volume of an average
external ear canal considering the impedance of
the eardrum membrane [19].

Shaw did not present any detailed relationships
for determining the frequency response nor any
method for determining the design parameters of
earmuffs, which the present paper does. With the
diagram in Figure 3 and assuming perfect sealing
by the earmuff cup (acoustic impedance repre-
senting cup leakage Z; = «), the transfer function
of the system H(jo) can be presented as
Equation 1:

foi L
H(ju))=Y(j‘”)= a6,
X(](L)) Rv+Rk+j(mLM_%_%)
& Vv & K

(D

where X(jo) = frequency domain image of the
signal occurring outside of the earmuff, Y(jo) =
frequency domain image of the signal under the
earmuff, o = 2nf, = signal frequency.

The amplitude frequency response M(w) and the
phase frequency response @(w) necessary to deter-
mine the time waveform under the earmuff are
determined with Equations 2 and 3, respectively:

signal outside
earmuff

O

M (w)=20log, |H (j(n)|, 2)
O ()= arctg[ Im(H (jo))/ Re(H (jo) ], (3)

where H(jo) = transfer function of the system,
Re(H(jm)) = real part of H(jo), Im(H(jo)) = imag-
inary part of H(jw).

Table 1 presents quantities characterizing the
design parameters of 10 earmuffs. The mass, vol-
ume and surface area of the cushions were meas-
ured directly, with laboratory scales (mass meas-
urement accuracy 0.2 g) filling the space of the
cup with liquid (volume measurement with the
accuracy of 1 cm3) and with a cushion pressure
force measurement device (Figure 4a) and plan-
imeter Robotron Reiss (German Democratic
Republic) 3005 (Figure 4b) to measure the con-
tact surface area of the cushions (surface area
measurement accuracy 0.0001 m?).

Vibration of the earmuff cups caused by ham-
mer impact results in oscillating waveform of the
acoustic pressure under its cup, fading in expo-
nential manner, similar to fading as a result of
excitation with impulse noise [8]. This means that
in the range of low frequencies (up to ~200 Hz),
the earmuff excited into vibration behaves like a
simple mechanical vibrating single degree-of-
freedom system (Figure 5) [20]. The mass M of
the system in Figure 5 is the mass of the earmuff
cup including the mass of the sponge filling and

@)
Ck C — signal under
v earmuff
Ry
@)

Figure 3. Electrical equivalent of an earmuff. Notes. The diagram is modelled on Shaw [10].
Z, = acoustic impedance representing cup leakage; L, = electrical circuit inductance; Ry, R\ = resistance;

Ck, Cy = capacitance.
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the cushion. The stiffness K of the system is the
spring of the cushions only, because the cup can
be considered perfectly rigid. The mechanical
resistance R of the system also applies to the ear-
muff cushion and is related to the friction of the
cushions against the base and the cup, the flow of
air through gaps and venting holes, and friction of
plastic foams in the cushions against the rubber.

The values of the stiffness K and the mechani-
cal resistance R of the cushion were determined
with the information about the Q factor and the
resonance frequency of the system (Figure 5),
obtained on the basis of the curve of the absolute
transmissibility according to the relationships
pertaining to vibration isolation systems treated
as vibrating single degree-of-freedom systems
[20]. The curve of the absolute transmissibility of
the earmuff system was obtained from the meas-
urement of acceleration of vibration of the ear-
muff cup put on an acoustic test fixture, and the
pressure difference outside and under the earmuff
cup, with a sweep-sine acoustic signal. The val-
ues of R and K determined from the curve of the
absolute transmissibility are valid for the fre-
quency range covering the area of the resonance
peak. The present work assumes that the deter-
mined values are representative for the whole fre-
quency range (up to 1 kHz) of the earmuff under
consideration using Shaw’s diagram [10].

In the frequency range over ~1 kHz, the repre-
sentation of the earmuff based on the electrical
equivalent in Figure 3 cannot be used. At the fre-
quency over 1 kHz, the acoustic wavelength
becomes comparable to the dimensions of the
earmuff cup, so a lumped circuit cannot describe
the system [15]. Shaw used Zwislocki’s bone
conduction limits [21] to represent earmuff atten-
uation in the frequency range over 1 kHz [10].
Berger, Kieper and Gauger present more recent
data on the limitation of attenuation related to
bone conduction [22]. Bone conduction, and thus
conduction of acoustic energy to the inner ear
through the skull, bypassing the external ear canal,
eardrum membrane and middle ear ossicles,
reduces the attenuation of earmuffs, which block
only the airborne path of sound through the exter-
nal ear canal. Blocking the air path of acoustic
energy transmission is bypassed through the

Figure 4a. The SD-30 instrument (Central
Mining Institute, GIG; Poland) for determining
surface area of earmuff cushions.

Figure 4b. The Robotron Reiss (German
Democratic Republic) 3005 planimeter for
measuring contact surface area of earmuff
cushions.

F

Figure 5. Diagram of a single degree-of-
freedom vibrating system at excitation force F.
Notes. M = mass, R = resistance, K = stiffness.
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bones, so the maximum attenuation that can be
obtained with HPDs cannot exceed the level of
bone conduction, which depending on the fre-
quency is between ~—40 and nearly —70 dB rela-
tive to air conduction [21, 22]. The use of bone
conduction data in the frequency range over
1 kHz in representing the properties of ear protec-
tors is a simplification, because they do not block
completely the air path of the sound reaching the
eardrum.

Figure 6 shows the amplitude and phase fre-
quency responses of 10 earmuffs obtained from
the electrical equivalent of Shaw’s model. These
responses were obtained with the design parame-
ters of earmuffs in Table 1. At higher frequencies
(over ~1 kHz), the amplitude frequency responses
of attenuation (Figure 6a) were adopted as attenu-
ation resulting from bone conduction according
to Berger et al. [22], identical for all 10 earmuffs
in the present work. Phase frequency responses in
the lower frequencies (Figure 6b), where they
correspond to the amplitude frequency responses
in Figure 6a, are plotted with a continuous line.
Because the phase frequency response of bone
conduction is not known, the form of phase fre-
quency responses was adopted in the higher fre-
quency range, as if attenuation was not limited by
bone conduction. This part of phase frequency
responses is plotted with dashed lines.

In the amplitude frequency response waveform,
the mechanical resonance of earmuffs is marked
in the form of minimum attenuation in the fre-
quency range from 80 to 200 Hz. Above the area

of mechanical resonance, the slope of amplitude
frequency response obtained in this representa-
tion of earmuffs is ~12 dB/octave, which is in
step with the slope of the response of the model
earmuff analysed by Shaw [10]. In the range
above the mechanical resonance, the attenuation
of earmuffs changes by ~15 dB between the ear-
muff with the highest and the lowest attenuation,
which is in step with the change in the value of
the single number rating (SNR) parameter of the
earmuffs (Table 1). SNR is used to evaluate
sound attenuation by earmuffs, as required by
Standard No. EN 352-1:2002 [23] harmonized
with Directive 89/686/EEC [24]. The arrange-
ment of amplitude frequency responses corre-
sponding to the value of SNR visible above the
mechanical resonance does not occur in the low-
est frequency range.

The phase frequency responses are closely
related to the amplitude frequency responses
(Figure 6b). In the range of mechanical resonance
under 200 Hz, the deeper the minimum of the
amplitude frequency responses, the greater the
slope of the phase frequency response. In the range
of high frequencies, the phase frequency responses
tend asymptotically towards the —/2 value.

2.3. Verifying Computational Method

Verifying the proposed computational method
that determines the amplitude and time parameters
of impulse noise under the earmuff cup involves

TABLE 1. Design Parameters of Earmuffs and Their Single Number Rating (SNR)

Earmuff SNR (dB) M (kg) V(cm®) A(m?) K (N/m) R (N-s/m)
1 Unico Graber Sonico 85 21 0.0559 128 0.0041 34481.9 24.0
2 3M 1430 23 0.0572 112 0.0040 52947.8 26.6
3 3M1435 25 0.0713 128 0.0039 75764.9 38.4
4 3M 1440 27 0.0738 136 0.0041 57615.7 31.3
5 Peltor Optime | 27 0.0695 92 0.0042 68332.5 43.6
6 Bilsom Leightning L1 30 0.0682 163 0.0040 15144.9 31.0
7 Peltor Optime Il 31 0.0853 153 0.0042 39142.4 65.2
8 Bilsom Leightning L2 31 0.0814 218 0.0040 25490.2 35.3
9 Bilsom Leightning L3 34 0.1213 252 0.0040 22634.2 50.2
10_Peltor Optime Il 35 0.1188 186 0.0047 34637.1 108.2

Notes. M = mass of one earmuff cup, V = volume enclosed by the shell of one earmuff cup, A = contact
surface area of earmuff cup cushion, K = stiffness of cup cushion, R = mechanical resistance of earmuff cup
cushion.
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Figure 6a. Amplitude frequency responses of earmuffs and the limit of bone conduction [22].
Notes. 1-10 = earmuffs (see Table 1); continuous lines = amplitude frequency responses of earmuffs,
dashed line = bone conduction limits of attenuation of earmulffs.
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Figure 6b. Phase frequency responses of earmuffs. Nofes. 1-10 = earmuffs (see Table 1); continuous
lines = phase frequency responses of earmuffs corresponding to amplitude frequency responses in
Figure 6a in the same frequency ranges (up to ~1 kHz); dashed lines = phase frequency responses of
earmuffs, as if attenuation was not limited by bone conduction.

comparing calculated and measured values. To
use the computational method, it is necessary to
record the sound pressure waveform at the loca-
tion of the human subject exposed to noise. The
presence of the subject is not necessary, though.
Verifying the computational method, however,
requires that a simultaneous recording of the time
waveform of impulse noise under the earmuffs be
carried out. The next step determines the parame-
ters pertaining to the amplitude and duration of

impulse noise on the basis of the calculated wave-
form and the waveform recorded under the cup of
a specific earmuff. The discrepancies between the
computed parameters characterizing the time
waveform of impulse noise under the earmuff
and their values measured under the earmuff indi-
cate whether the proposed method is suitable for
practical applications.

JOSE 2013, Vol. 19, No. 1
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3. TESTS AND CALCULATIONS

The computational method discussed in section 2
was used to determine the parameters of impulse
noise under earmuffs during shots from two types
of pistols: the Walther P99 (Carl Walther GmbH
Sportwaffen, Germany) and the TT-33 (Tula
Arsenal, Soviet Union). The measurements of
impulse noise took place at a sporting rifle range;
the results were verified there, too. Calculations
and measurements were performed for 10 ear-
muffs from different manufacturers with a wide
range of values (21-35 dB) of the SNR parameter
(Table 1). There were three measurements for
each earmuff and for each pistol. Thus, there
were 60 sets of measurement results, comprising
the sound pressure waveform of the impulse out-
side and under the earmuff, which was recorded
simultaneously.

3.1. Measurement Setup

Changes in the sound pressure related to acoustic
impulses occurring outside the earmuff were
recorded with a Briiel & Kjer (Denmark) 4941
microphone (1/4"). The waveforms of impulse
noise under the cups of tested earmuffs were
recorded with an acoustic test fixture so that
human subjects were not exposed to values of the
peak SPL over 135 dB, i.e., the value established
in Polish regulations [14]. The acoustic test fix-
ture complied with the acoustic and mechanical
requirements for this type of equipment [25] and
was equipped with a Briiel & Kjer 4192 micro-
phone (1/2"). The fixture was also equipped with
a chamber representing the external ear canal and
a 2-cm’ chamber reflecting the acoustic proper-
ties of the middle ear. During the measurements,
the acoustic test fixture and the microphone
recording the signal waveform outside the HPDs
were set 160 cm from the exit of the pistol barrel,
at the position of a shooting instructor. The exter-
nal microphone was placed 10 cm from the
acoustic test fixture.

3.2. Measurement Results

Impulse noise generated by shots from the
Walther P99 (Figure 7a) had an average, based on

JOSE 2013, Vol. 19, No. 1

30 shots, C-weighted SPL of 150.5 dB (SD 0.5).
The duration of an impulse, expressed in accord-
ance with the definition of C-duration used in the
Pfander hearing damage risk criterion, was
0.87 ms (SD 0.23). Shots from the TT-33 (Figure
7b) produced acoustic impulses had an average,
based on 30 shots, C-weighted peak SPL of
149.4 dB (SD 0.6) and an average C-duration of
0.82 ms (SD 0.24). The C-weighted peak SPL
measured under the cups of the tested earmuffs
was 108.0-127.7 dB, C-duration was 2.3—-12.1 ms.
Figure 8 illustrates the effectiveness of the 10
tested earmuffs in reducing the C-weighted peak
SPL. There was an overall trend of attenuation of
the C-weighted peak SPL increasing with increas-
ing SNR of the earmuff. This relationship was not
strictly monotonic and the attenuation of the
C-weighted peak SPL cannot be strictly related to
the value of SNR. It has been also verified that
mean sound attenuation or assumed protection
values at 63, 125 and 250 Hz, the H, M and L val-
ues [1], do not show better monotonic correlation
with the attenuation of the C-weighted peak SPL
than SNR.

3.3. Discrepancies Between Computational
Method and Measurements

The transfer function of earmuffs obtained from
Shaw’s electrical equivalent [10] (section 2.2)
was used to calculate the time waveforms of the
sound pressure of the signal under the earmuffs
as a response to the time waveforms of the sound
pressure of impulses recorded outside the ear-
muffs (section 2.1). The parameters characteriz-
ing the waveforms were determined on the basis
of the calculated time waveforms of the signal
under the earmuffs.

The usefulness of the presented computational
method for estimating the effectiveness of ear-
muffs in the presence of impulse noise was
checked by comparing the results of measure-
ments carried out under earmuff cups with the
waveforms resulting from the computational
method. Figure 9a is an example of a computed
time waveform of the signal under the earmuff,
whereas Figure 9b is a comparable recorded
waveform.
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Figure 7. Sample acoustic impulse waveform generated by a pistol shot: (a) the Walther P99 (Carl
Walther GmbH Sportwaffen, Germany); (b) the TT-33 (Tula Arsenal, Soviet Union).

The discrepancy between the calculation and
measurement of each parameter related to the

level of sound, Lc e, and L,y Was determined

eak?
as an absolute difference of l;he measured values
and values from the calculated waveform.
AL pear and AL ., designate the discrepancy in
L peax and Ly, respectively. The discrepancy in
C-duration (AC-duration) was determined as a
relationship between calculated and measured
C-duration. The C-duration of the calculated

impulse was longer in each case than the C-dura-

tion of the measured impulse, so all discrepancy
values for the C-duration were greater than one.
Figures 10-12 show the discrepancies in AL ey
AL, and AC-duration, respectively. Each dis-
crepancy value (each bar representing the results)
in those figures was determined by averaging the
results of three comparisons of calculations and
measurements. These figures also indicate the
value of standard errors related to the values of
discrepancies.
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Figure 8. Measured attenuation of C-weighted peak sound pressure level (SPL) for earmuffs
as a function of single number rating (SNR) of each earmuff, for shots from the Walther

P99 (Carl Walther GmbH Sportwaffen, Germany) and the TT-33 (Tula Arsenal, Soviet Union).
Notes. Lgpeqa = C-weighted peak sound pressure level.

It should be noted that the values of ALc .k
(Figure 10) and AL, (Figure 11) for each ear-
muff are similar. For these two parameters, for 7
out of the 10 tested earmuffs, the calculated value
of the C-weighted peak SPL deviates from the
measured value by no more than 3.2 dB, while
for the 3 other earmuffs, it is in the range of
5.8-7.6 dB. The AL, and AL, discrepancies
of ~3 dB are low. The discrepancies of ~3 dB are
comparable to the distribution of L¢ e and Lpe,
for impulses generated in the same conditions.
For example, the difference between the lowest
and highest values of the C-weighted peak SPL
of impulse noise (30 shots) produced by the
TT-33 was 2.6 dB, and the difference between
the minimum and maximum values of the peak
SPL produced by the Walther P99 was 3.0 dB.
The higher values of AL¢ ., and AL, occurred
for the two lightest earmuffs (Unico Graber Son-
ico 85 and 3M 1430) and for the Bilsom Leight-
ning L3 earmuff with the highest mass. The man-
ufacturer of the Bilsom Leightning L3 earmuff
installed a metal weight inside the cup.

The relationship between the longest and the
shortest impulse duration, C-duration, for acous-
tic impulses generated in the same conditions by

JOSE 2013, Vol. 19, No. 1

the Walther P99 and the TT-33 was 2.9 and 3.4,
respectively. That means the approximately
threefold ratio between computed and measured
C-duration under the same cup, i.e., a threefold
discrepancy of C-duration, is low. AC-duration
was not greater than 2.8 for all earmuffs in the
presence of shots from the Walther P99. For shots
from the TT-33, the ratio of calculated and meas-
ured C-duration exceeded 3 for all three of the
tested Bilsom earmuffs. The Bilsom Leightning
L3 earmuffs had the largest discrepancy of 5.9;
they also had a greater discrepancy of L, and
L .. All three Bilsom earmuffs had the lowest

pea
stiffness among the 10 earmuffs.

4. DISCUSSION AND
CONCLUSIONS

The transfer function determined from Shaw’s
electrical equivalent [10] describes the properties
of HPDs with a high resolution as a function of
frequency, allowing it to be used in calculating
the time waveform of impulse noise under HPDs.
This is not possible with the sound attenuation
values measured in accordance with Standard No.
ISO 4869-1:1990 [26], provided by default in the
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Figure 9. Sample time waveform of the signal under the cup of the Peltor Optime | earmuff: (a)
computed, (b) recorded. Notes. L., = C-weighted peak sound pressure level.

HPD user manuals, which is defined only in
seven one-third-octave frequency bands. It should
be noted that, on the basis of the calculated time
waveform of impulse noise under HPDs, it is
possible to determine quantities related to the sig-
nal level, impulse duration and other quantities
used to characterize impulse noise, e.g., spectral
analysis or specific measures of impulsiveness of
the signal (kurtosis).

The calculations in which the transfer function
is determined on the basis of Shaw’s electrical

equivalent of an earmuff, as it was used in the
classical model developed for continuous noise,
make it possible to consider the quantities repre-
senting the design parameters of the earmuff: the
mass of cups, their volume, contact surface, stiff-
ness and mechanical resistance of cushions.
Determining the transfer function with this
method, however, involves the need to measure
the design parameters of earmuffs.

The determined values of design parameters of
earmuffs made it possible to calculate the param-

JOSE 2013, Vol. 19, No. 1



138 R. MEYNSKI & E. KOZEOWSKI

6 1 M Walther
5 A aoTT

A LCpeak (dB)

1 2 3 4 5

6 7 8 9 10

Earmuff

Figure 10. Discrepancy between computed and measured values of C-weighted peak sound
pressure level (SPL) for earmuffs, for shots from the Walther P99 (Carl Walther GmbH Sportwaffen,
Germany) and the TT-33 (Tula Arsenal, Soviet Union). Notes. AL¢ ., = absolute difference between
calculated and measured C-weighted peak SPL. Each bar represents the average result obtained on the
basis of 3 comparisons of calculations and measurements. Whiskers represent standard error.
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Figure 11. Discrepancy between computed and measured values of peak sound pressure level (SPL)
for earmuffs, for shots from the Walther P99 (Carl Walther GmbH Sportwaffen, Germany) and the
TT-33 (Tula Arsenal, Soviet Union). Notes. AL, = absolute difference between calculated and measured
values of peak SPL. Each bar represents the average result obtained on the basis of 3 comparisons of
calculations and measurements. Whiskers represent standard error.

eters related to signal amplitude and duration of
acoustic impulse under the earmuffs. It was then
possible to compare the calculated and measured
values of impulse noise under the earmuff. The
discrepancy of the calculated and measured val-
ues of the C-weighted peak SPL and the peak
SPL for 7 out of the 10 earmuffs was ~3 dB and

JOSE 2013, Vol. 19, No. 1

was fully acceptable, because it was comparable
to the range of values of these parameters charac-
teristic for impulse noise generated in the same
conditions. Greater discrepancies of parameters
associated with the amplitude are to be expected
for earmuffs with extremely small and large
mass. The relationship between the calculated
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Figure 12. Discrepancy between computed and measured values of C-duration for earmuffs, for
shots from the Walther P99 (Carl Walther GmbH Sportwaffen, Germany) and the TT-33 (Tula Arsenal,
Soviet Union). Notes. AC-duration = relationship between calculated and measured C-duration. Each bar
represents the average result obtained on the basis of 3 comparisons of calculations and measurements.

Whiskers represent standard error.

and measured duration of the impulse under the
earmuff cup in most cases is no more than three-
fold, which is acceptable considering the range of
variability of duration of impulses in a real sys-
tem. As regards determining C-duration of the
impulse under the earmuff cup, greater discrep-
ancy is possible for earmuffs with extremely low
value of the stiffness of cushions.

The presented values of discrepancies between
calculations and measurements should be consid-
ered especially when the parameter values are
near the limit values of the corresponding criteria.
For example, awareness of the deviation of the
calculation result from the measured value is nec-
essary when the C-weighted peak SPL is close to
135 dB, which is the highest admissible value of
this parameter in Poland [14]. Similarly, informa-
tion about possible discrepancies of values is sig-
nificant when the calculated peak SPL and
C-duration of the impulse are near the boundary
line of the Pfander hearing damage risk criterion.
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