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An improved lumped parameter model predicting attenuation
of earmuff with air leakage
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Since air leakage is inevitable when earmuffs are worn improperly or together with safety glasses in factory or military,
it is required to be considered to accurately predict earmuff attenuation. Besides unwanted air leakage, under controlled air
leakage is introduced to earmuff to achieve adjustable attenuations in different signal-to-noise ratios (SNRs) and balance
between attenuation and speech intelligibility. This work is to develop an improved lumped parameter model (LPM) to
predict earmuff attenuation with consideration of air leakage. Air leakage paths are introduced into conventional LPM
without air leakage, and air leakage path impedance is analytically described by Maa’s microperforated tube impedance.
Earmuff passive attenuation behavior can be analytically described and analyzed with the improved LPM. Finally, the
validity of improved LPM is verified experimentally. The results indicate that the improved LPM can predict earmuff
attenuation with air leakage, and air leakage deteriorates earmuff attenuation and turns resonance frequency higher.

Keywords: earmuff, lumped parameter model, air leakage, attenuation
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1. Introduction
Earmuff has been widely used for hearing protection due

to its advantages of low cost, simple implementation and good
performance. There are lots of studies about earmuff atten-
uation performance, because earmuffs are designed to atten-
uate noise and protect hearing. Carillo et al. studied ear-
muff attenuation related vibro-acoustic response with numeri-
cal model.[1] Bai et al. studied earmuff passive attenuation and
active noise control (ANC) performance with electroacoustic
lumped parameter model (LPM).[2] Basically, there are two
kinds of models for earmuff passive attenuation performance
analysis. One is LPM, which is the first proposed model
when computer technology was not fully developed.[2–8] The
other is numerical model which includes finite element model
(FEM) and boundary element model (BEM) with the devel-
opment of computer technology.[1,6,8–10] Typically, there exist
four sound paths as sound reaches internal ear,[11] i.e., path (a)
is the pumping motion of cup which is vibroacoustic behav-
ior; path (b) is the air leakage path; path (c) is direct sound
transmission through earmuff; path (d) is bone conduction
(BC) which means sound transmits through bones and tissues
other than air propagation. Boyer et al. indicated that pas-
sive attenuation is dominant by path (a) and path (b) at low
frequencies.[11] Since conventional LPM simulates path (a)
and sound wave length is much higher than earmuff dimen-
sion at low frequencies, it is reasonable to analyze the earmuff
passive attenuation without air leakage at low frequencies with
conventional LPM. Air leakage is inevitable when earmuffs
are worn improperly or together with safety glasses in factory
or military. Besides unwanted air leakage, under controlled

air leakage is introduced to earmuff to balance between at-
tenuation and speech reception.[12] Zwislocki suggested that
electro-acoustic circuit can study the influence of air leakage
on attenuation.[3] However, the air leakage path impedance
could not be described analytically by Zwislocki. Since there
were no analytic solutions available, researchers experimen-
tally studied the influence of air leakage on earmuff attenu-
ation performance, and concluded that the air leakage path
would deteriorate attenuation a lot.[13] Allen and Berge also
studied the level-dependent attenuation of earmuff with the
controlled air leakage experimentally.[12] The reduced atten-
uation is of benefit to speech reception with the controlled air
leakage at overall sound pressure less than 110 dB, and at-
tenuation decreases less at overall sound pressure higher than
110 dB where non-linearity happens. The air leakage was de-
signed ahead with fixed parameters in Allen study, and ad-
justable attenuation was achieved by non-linearity. In this
study all analysis was conducted under the condition of overall
sound pressure less than 110 dB without non-linearity, and ad-
justable attenuation can be achieved by tuning air leakage such
as changing radius or length of air leakage. Paurobally and
Pan studied earmuff mechanisms with air leakage by acous-
tic propagation equation, where air piston radiation impedance
was described as air leakage path impedance and analytically
solved at low frequencies.[14] However, air leakage paths, both
unwanted and controlled, are normally at a millimeter level
where heat dissipation should be taken into account, it is un-
suitable to replace air leakage impedance with air piston radi-
ation impedance in their analytical solution, and experiments
in their study only demonstrated the trend of how air leak-
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age interacted with attenuation but they did not specify the
comparison between experimental results the analytical simu-
lations. Kalb proposed an electro-acoustic circuit to describe
both path (a) and path (b) with LPM.[15] Unfortunately, each
element in the circuit could not be analytically described, and
its value was derived by using iterative trails to match experi-
mental result instead.

So far there has been no analytical solution which can de-
scribe air leakage actual influence on earmuff passive perfor-
mance, so a numerical model was required to predict earmuff
attenuation performance with air leakage. The present study is
to derive analytical solution with improved LPM which con-
tains both path (a) and path (b). Firstly, impedance of path (b)
which was derived from microperforated tube impedance in
Maa’s study,[16] is introduced into conventional earmuff LPM
which only contains path (a). The analytical expression of
each element in circuit is given, and analytical solution of
earmuff passive attenuation with air leakage can be derived.
Secondly, the influence of earmuff and air leakage parame-
ters on passive attenuation performance are systemically ana-
lyzed based on analytical solution. Finally, validation of an-
alytical solution is examined experimentally. With the help
of this improved LPM, earmuff attenuation performance with
both unwanted and wanted air leakage can be predicted, and
the adjustable attenuation earmuff can be designed by tuning
air leakage, for instance by adjusting air leakage radius and
length or adjusting ratio of opened air leakage to all air leak-
age with multiple adjustable air leakage introduced into ear-
muff intentionally. The earmuff user can adjust attenuation
manually, depending on noise level and SNR, such as adjust-
ing it to high attenuation in high noise environment (overall
noise level more than 70 dBA) to improve both noise attenua-
tion and speech intelligibility, whilst adjusting it to low atten-
uation in medium noise environment (overall noise level less
than 70 dBA) which is of benefit to speech intelligibility and
still provides moderate noise attenuation in the same time.[17]

2. Theoretical analysis
Figure 1(a) shows the diagram of earmuff with air leak-

age. The controlled air leakage, which is cylinder-shaped tube
with radius a and length l, can be utilized to adjust attenuation.
The air leakage tube can be installed either on cushion or on
cup shell. The rest of model is the same as the conventional
earmuff.[6,7] The earmuff equivalent mass and volume are Mm

and Vs respectively. The earmuff cushion stiffness, resistance
and coverage area are Km, Rm, and Ss respectively. Figure 1(b)
shows the corresponding electro-acoustic analogy diagram,
where Mm/(Ss)

2, Rm/(Ss)
2, and Km/(Ss)

2 are combined to
obtain acoustic impedance jωMm/S2

s + Rm/S2
s + Km/jωS2

s

of path (a); Zleak 1 to Zleak n is acoustic impedance of each
air leakage of path (b), respectively; KA/jω(Ss)

2 is acoustic

impedance of earmuff cup cavity. Note that path (b) is new
added air leakage path element while the others are the same
as those of conventional earmuff model without air leakage in
previous paper.[6,7] In comparison with the scenario of con-
ventional LPM model without air leakage, the sound transfers
through not only earmuff path (a) but also path (b) air leak-
age into ear. According to electro-acoustic analogy diagram
as shown in Fig. 1(b), the transfer path between inside and
outside pressure of earmuff without air leakage path (b) can
be written as[6,7]

T F(ω) =

(
pi

po

)
=

(
KA/jωS2

s

Z1 +KA/jωS2
s

)
, (1)

where pi is the sound pressure inside the earmuff, po is the
sound pressure outside the earmuff, ω = 2π f is the angular
frequency, f is the frequency, Ss is the earmuff cushion cover-
age area, KA/jωS2

s and Z1 are the acoustic impedance of ear-
muff cup cavity and the acoustic impedance of path (a), and
KA and Z1 can be expressed as

KA = S2
s ρc2/Vs, (2)

Z1 =
jωMm

S2
s

+
Rm

S2
s
+

Km

jωS2
s
, (3)

where Mm = Mv +Mc/3 is the equivalent mass, Mv is the ear-
muff cup mass, Mc is the earmuff cushion mass, Rm and Km are
the cushion resistance and stiffness, Vs is the earmuff volume,
ρ is the air density, and c is the sound speed.

Earmuff cup

Earmuff cushion without
air leakage

Earmuff cushion with
cylinder shaped air leakage

Path (a)

Path (b)

Path (b)

Path (b)

Mm/↼Ss↽2 Rm/↼Ss↽2
Km/↼Ss↽2

KA/↼Ss↽2

PiZleak 1

Zleak 2

Zleak n

Po

Fig. 1. (a) Structure illustration and (b) electro-acoustic analogy diagram of
earmuff with air leakage.

The transfer path of earmuff with air leakage path (b) can
be written as

T F (ω) =

(
pi

po

)
=

(
KA/jωS2

s

Z1Zleak/Z1+Zleak +KA/jωS2
s

)
, (4)
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Zleak =
1

1/Zleak 1 +1/Zleak 2 + · · ·+1/Zleak n
, (5)

where Zleak is the overall acoustic impedance of n air leakage
paths, Zleak i is the i-th air leakage path impedance,

Zleak i = Ztube i +Zcor i, i ∈ [1,2,3, . . . ,n], (6)

where Ztube i is the acoustic impedance of tube and Zcor i is
the end correction impedance. The analytical expression of
Ztube i depends on Rto, which is the ratio of tube radius a to the
boundary layer thickness β ,

Rto = a/β , (7)

β =

√
µ

ρω
, (8)

where µ is the air viscous coefficient.
For large or small Rto, Ztube i is written as[16]

Ztube i =
li

πa3
i

√
2µωρ + j

ρωli
πa2

i
, as Rto > 10, (9)

Ztube i =
8µli
πa4

i
+ j

4ρωli
3πa2

i
, as Rto < 1, (10)

where li is the cylinder length of the i-th path, and ai is the
cylinder radius of the i-th path.

When 1 < Rto < 10, Ztubei is the acoustic impedance of
microperforated tube, and is written as[16]

Ztube i =
8µli
πa4

i

√
1+

R2
to

32
+ j

ρωli
πa2

i

(
1+

1√
9+R2

to/2

)
. (11)

With heat dissipation considered, Maa[16] indicated that equa-
tion (11) may be used for all values of Rto. Therefore, only
equation (11) is used in this study.

The Zcor i is the end correction impedance and can
be considered as an acoustic radiation impedance at low
frequencies[18]

Zcor i =
ρck2

2π
+jρc

(
8

3π2ai
k
)
, (12)

where k is the wave number and given as

k =
ω

c
. (13)

The attenuation can be derived in frequency domain as fol-
lows:

NR(ω) =−20log10 (T F (ω)) . (14)

Although equations (4) and (14) hold true on the assumption
that the air leakage is cylinder shaped, these equations still
work if the cross section of air leakage is not circular except
that cross section is a slit, and slit is defined as the ratio of the
longest edge length to the shortest edge of air leakage cross
section, with value being more than 10, if cross section is poly-
gon. The equivalent radius a can be calculated by

a =

√
Sleak

π
, (15)

where Sleak is the area of air leakage’s cross section. The closer
to 1 the ratio of the longest edge length to the shortest edge,
the better the equation (15) works. Taking the earmuff worn
together with safety glass in factory or military for example,
the air leakage with triangle-shaped cross section always ex-
ists between cushion, flesh and glass leg. In this case, equa-
tion (15) can be used to calculate equivalent radius.

3. Numerical simulations and experiments
3.1. Numerical simulations

In Table 1 listed are the values of commercial earmuff
and air leakage parameters which were used in the following
experiment. The earmuff parameters, i.e., stiffness and resis-
tance of cushion were estimated experimentally by an impact
hammer testing or fitting procedure.[2,6,19] The other earmuff
parameters Vs, Ss, and Mm were also measured accordingly
from the commercial earmuff.[19] The air leakage parameters,
i.e., length l and radius a were measured from one Teflon tube
used in the following experiment.

Table 1. Typical lumped parameters of commercial earmuff and air leakage.

Earmuff parameters Air leakage parameters

Km (N/m) Rm (N·s/m) Vs (m3) Ss (m2) Mm (kg) l (cm) a (cm)

6×104 75 2×10−4 6.7.×10−3 0.1 2 0.1

To study the influence of earmuff parameters on attenua-
tion with and without air leakage, two extra values of each pa-
rameter were selected in the simulation besides typical value.
Taking the reference values from previous study and consid-
ering realistic condition,[19] the variance of mechanical pa-
rameter Km and Rm were both set to be lower than 20% of
typical values; the variance of earmuff geometry parameter Vs

and Ss and mass parameter Mm were all set to be lower than
10% of typical values; the air leakage radius was set to be at
a millimeter level according to the safety glass leg thickness
and earmuff adjustable tube radius; the air leakage length was
set to be at a centimeter level according to the earmuff cush-
ion width and adjustable tube length; analysis frequency lower
range was set to be 100 Hz considering both previous several
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studies and noise source cut-off frequency in the next section
of experiment,[1,3,6] and higher range was set to be 800 Hz be-
low which LPM works and attenuation is dominated by trans-
fer path (a) and path (b).[11]

Figure 2 shows the influence of air leakage parameters
(length or radius) on attenuation, where only one parameter is
changed while other parameters are fixed as typical parame-
ters listed in Table 1. For comparison, the curve of attenuation
versus frequency without air leakage is also given in Fig. 2.
It is found that air leakage will deteriorate the attenuation al-
most to the same extent in the whole analysis frequency range

and the resonant frequencies shift toward higher frequencies
slightly. In Fig. 2(a), as the length of air leakage increases
from 1.5 cm to 2.5 cm, attenuation slightly increases around
0.9 dB in the whole analysis frequency range, and resonant
frequency shifts 2 Hz toward lower frequencies. In Fig. 2(b),
as the radius of air leakage increased from 0.5 mm to 2 mm, at-
tenuation greatly decreased around 5.7 dB in the whole analy-
sis frequency range, and resonant frequency shifts 9 Hz toward
higher frequencies. The results suggest that shorter the length
and the larger the radius of air leakage, the less the attenuation
is and the higher the shift resonant frequency.
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Fig. 2. Influence of air leakage parameters on earmuff attenuation, showing frequency-dependent (a) length and (b) radius, on earmuff attenuation.
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Fig. 3. Influence of earmuff parameters on earmuff attenuation, showing frequency-dependent (a) cushion stiffness, (b) cushion resistance, (c) volume,
(d) coverage area, and (e) equivalent mass.

Figure 3 illustrates the influence of earmuff parameters
on attenuation with air leakage, where only one parameter is
changed while other parameters are fixed as typical parameters
listed in Table 1. In Fig. 3(a), the increase of cushion stiffness
Km leads the resonant frequency to increase (about 20 Hz), the
attenuation below resonant frequency to increase, and the at-
tenuation above resonant frequency to decrease slightly. The
maximum attenuation variation is about 2.6 dB in the analy-

sis frequency. In Fig. 3(b), the increase of cushion resistance
Rm causes the resonant frequency to increase (about 6 Hz).
The cushion resistance Rm also controls the system resonant
amplitude, and the damping grows with the increase of atten-
uation (around 1.1 dB) at resonant frequency. In Fig. 3(c), the
increase of earmuff volume Vs leads the resonant frequency
to increase (about 6 Hz), and also the attenuation (around
1.9 dB) to increase in the whole analysis frequency range. In
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Fig. 3(d), the increase of earmuff coverage area Ss causes the
resonant frequency to increase (about 4 Hz), and also the at-
tenuation to decrease (around 1.3 dB) in the whole analysis
frequency range. In Fig. 3(e) the increase of earmuff equiv-
alent mass Mm results in the decrease of resonant frequency
(about 8 Hz), and also in the decrease of attenuation below
resonant frequency and the increase of attenuation above res-
onant frequency, where the maximum attenuation variation is
1.4 dB in the analyzed frequency range. The results in Fig. 3
demonstrate two suggestions. First, three parameters (volume
Vs, coverage area Ss and equivalent mass Mm) are more criti-
cal to the control of attenuation with air leakage. Second, the
trend of earmuff parameters influence on attenuation with air
leakage is similar to that without air leakage,[7] so the method
to design high attenuation earmuff under the condition of no
air leakage also works for the case with air leakage.

3.2. Experiments

In order to examine the validity of the proposed model,
experiments were carried out in the anechoic chamber of Nan-
jing University. The earmuff was fitted to a head and torso
simulator B&K 4128C and only one side of earmuff was tested
experimentally. The outside microphone was located centrally
on the outer side of earmuff and was about 1 cm away from
earmuff shell. The microphone in the ear of B&K 4128C
was used to measure the sound pressure inside the earmuff.
The primary source cutoff frequency was around 100 Hz and
placed about 1 m away from the earmuff, ensuring plane sound
wave at earmuff location. A broadband white noise with a
bandwidth of 0 kHz–3 kHz was fed to noise source, signals

measured by the outside microphone and inside microphone
were recorded by B&K front end 3560D as the signal x(n) out-
side earmuff and signal d(n) inside ear respectively as shown
in Fig. 4(a). Dummy head ear canal transfer function was used
to correct d(n) to obtain the signal e(n) inside earmuff. In
Fig. 4(b), the earmuff was fitted tightly on the dummy head
without air leakage. In Fig. 4(c), a teflon tube was inserted
between earmuff cushion and dummy head to introduce a con-
trolled air leakage, the blue material around tube was of plas-
ticine to avoid any unwanted air leakage around the tube. Fig-
ure 4(d) shows a close view of two teflon tubes with the same
length of 2 cm and two different inner radii of 1 mm and 2 mm.

(a) (b)

(c) (d)

Inside
signal e↼n↽

Outside
signal e↼n↽

Fig. 4. Schematic diagram and photos of experiment setup, showing (a) ex-
periment schematic diagram, (b) panorama view of experiment under the con-
dition of no air leakage, (c) close view of experiment under the condition of
air leakage, (d) close view of air leakage tubes with the same length and two
different inner radii.
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Fig. 5. Simulated and measured curves of earmuff attenuation versus frequency, (a) without air leakage, (b) with one air leakage of radius 1 mm and
length 2 cm, (c) with two identical air leakage with dadius 1 mm and length 2 cm, (d) with one air leakage of radius 2 mm and length 2 cm.
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The simulated and measured curves of earmuff atten-
uation versus frequency without and with air leakage are
matched as shown in Fig. 5, where the dashed line represents
the simulated curve calculated by the improved LPM with the
earmuff parameters in Table 1 and various air leakage parame-
ters, and the solid line denotes the measured curve. Figure 5(a)
shows the comparison between simulated results and mea-
sured results in the absence of air leakage. Figures 5(b)–5(d)
show the comparison between simulated and measured results
in the presence of air leakage, where one air leakage path has
inner radius 1 mm and length 2 cm in Fig. 5(b), two identi-
cal air leakage paths with both inner radii 1 mm and length
2 cm in Fig. 5(c), and with one air leakage path with inner
radius 2 mm and length 2 cm in Fig. 5(d). Compared with at-
tenuation in the absence of air leakage, the attenuation of one
air leakage path with inner radius 1 mm and length 2 cm is
lower than about 2.0 dB in the whole analysis frequency range
and resonant frequency shift is higher than 7 Hz; the attenua-
tions of two identical air leakage paths both with inner radius
1 mm and length 2 cm are lower than about 3.6 dB in the whole
analyzed frequency range and the resonant frequency shift is
higher than 9 Hz; the attenuation of one air leakage path with
inner radius 2 mm and length 2 cm is lower than about 6.3 dB
in the whole analyzed frequency range and resonant frequency
shift 11 Hz toward higher frequencies. Generally, with the in-
crease of overall cross section of air leakage, the attenuation
decreases in the whole analyzed frequency range and resonant
frequency shift toward higher frequencies.

4. Discussion
Paurobally and Pan developed an analytical solution by

replacing air leakage impedance with air piston radiation
impedance, and experiments were conducted to only demon-
strate air leakage influence on attenuation while no specified
parameters were given to compare test results with simulation
results.[14] Figure 6 illustrates the comparison between solu-
tion of Paurobally and Pan, and the solution this paper for the
case of one air leakage path with typical parameters in Ta-
ble 1. The measured result is also given for comparison, show-
ing inappropriate air leakage impedance especially insufficient
air leakage resistance in Paurobally and Pan’s solution. Pau-
robally and Pan’s analytic solution did not consider the heat
dissipation (Rto > 10). Nevertheless the heat dissipation needs
taking into account since air leakage radius is always at a mil-
limeters level which is at the same level as boundary layer.

The influences of earmuff and air leakage parameters on
attenuation were studied by simulations based on the improved
LPM. The simulation results indicate that the cross section
area in air leakage parameters is critical for attenuation perfor-
mance. Therefore, for achieving high attenuation, it is impor-
tant to design an appropriate cushion to minimize or avoid air

leakage with large cross section area between flesh and cush-
ion. The simulation results also demonstrate that the trend of
earmuff parameters influencing attenuation with air leakage
is similar to that without air leakage, so the optimal earmuff
parameters for achieving the good attenuation performance in
absence of air leakage are also an optimal ones in the pres-
ences of air leakage. For designing the attenuation adjustable
earmuff, it is achievable by tuning the radius of controlled air
leakage or adjusting the ratio of opened air leakage to all air
leakage with multiple adjustable air leakage introduced into
earmuff intentionally.
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Fig. 6. Comparison between Paurobally and Pan’ solution, and the solution
in this paper for the case of one air leakage path with typical parameters in
Table 1.

Nowadays ANC earmuffs are becoming more and more
popular, the conventional LPM has been widely used to study
the ANC earmuff performance.[2] Since air leakage often ex-
ists when ANC earmuff is worn, the ANC earmuff attenuation
performance with air leakage will be investigated with the im-
proved LPM in future study. In addition, ANC earmuffs com-
bined with acoustic meta-surfaces can be utilized to enhance
the attenuation at low frequencies,[20–22] which will also be
investigated by using the improved LPM in future study.

5. Conclusions
In conclusion, an improved LPM has been developed to

predict and analyze actual earmuff attenuation with air leak-
age. The air leakage impedance is derived from Maa’s mi-
croperforated tube impedance. Based on improved LPM, the
influence of earmuff and air leakage parameters on passive at-
tenuation performance are systemically analyzed. Finally, ex-
periments are performed to confirm the validation of analytical
solution. The results indicate that the cross section area in air
leakage parameters is critical for attenuation performance, the
influence of earmuff parameters on attenuation with air leak-
age is similar to that without air leakage. With help of the im-
proved LPM, earmuff attenuation performance with unwanted
and wanted air leakage can be predicted, and adjustable atten-
uation earmuff can be designed by tuning air leakage.
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