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Acoustic earplugs are routinely used to protect hearing from high-level impulsive noise and thus prevent
irreversible injury. Their performance under these conditions is typically evaluated using an Acoustic Test
Fixture (ATF) and impulse waves at grazing incidence, in accordance with the recommendations of the
ANSI/ASA S12.42 standard. However, protection-limiting mechanisms, such as piston-like motion of the
plug, are expected to depend strongly on the angle of wave incidence. In this study, the influence of the
incidence angle on the acoustic pressure within an ATF occluded ear canal was investigated for four distinct
earplugs: a foam earplug, a silicone tri-flange earplug, a custom earplug with a passive filter, and a tri-
flange earplug equipped with a nonlinear filter. Measurements were performed using a 171 dB-peak
impulsive excitation, with incidence angles varied in 45° increments. For each configuration, parameters
such as the transmitted peak pressure level and the positive phase duration of the first pressure peak were
analyzed. For all earplugs, the maximum protected ear-canal peak pressure occurred for incidence angles
between 0° and 45°, while minimum values were consistently observed at 135° and 225°. The difference
in peak noise reduction obtained for the different incidence angles ranged from 2.3 dB for the nonlinear-
filter earplug to 8.0 dB for the silicone earplug. This trend can be partly ascribed to the earplug piston-effect
behaviour: changes in the earplug-outer ear coupling might be induced by structural nonlinearities, which
could explain the variation in the transmitted peak pressure’s positive phase durations (from 1.4 msto 1.0
ms in the critical case of the silicone earplug). Alongside the limitations and uncertainties associated with
the protocol, which are also discussed, these results highlight the importance of incidence angle in
impulsive-noise testing and suggest that critical angular scenarios should be explicitly considered in the
evaluation of hearing-protection devices.

1 Introduction

Hearing protection devices are essential for preventing irreversible damage to the auditory system, such as acute acoustic
trauma that can be induced by very high-level impulsive noises. Acoustics impulses are characterized by a shock-induced
nearly discontinuous rise to a maximum overpressure, followed by a monotonically decaying positive phase and a
subsequent rarefaction during which the pressure falls below ambient before asymptotically returning to equilibrium. This
type of wave is present in civilian environments. However, it occurs even more prominently in military settings, where
peak pressure levels can reach up to 190 dB for armor-piercing or anti-personnel weapons [1]. Hearing protection devices
(HPDs) provide a theoretical average attenuation ranging from 20 to 40 dB, depending on their type and the characteristics
of the acoustic stimulus [2]. However, when exposed to impulsive noises, these devices exhibit specific vibratory
behaviors that differ from those observed with continuous noise [3]. Among the most critical issues are those associated
with earplug transmissions, which can lead to: (i) slippage of the protector within the ear canal due to physiological fluids
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[4], (ii) compression—decompression of the coupled system formed by the outer ear and the earplug, acting as a rigid body
in its first mode of vibration [5] (iii) deformation of the protector, resulting from higher-order modes of vibration,
especially visible in the case of foam or silicone earplugs [6]. These mechanisms can significantly degrade the
performance of hearing protectors, making a dedicated evaluation necessary for impulsive noise exposures.

The ANSI/ASA S12.42-2010 standard, therefore, defines a methodology dedicated to evaluating hearing protectors in the
presence of impulsive noise. It specifies, in particular, that tests conducted on an Acoustic Test Fixture (ATF) shall be
performed at a grazing incidence, with the head directly facing the impulsive source [7]. This requirement is primarily
based on logistical considerations, enabling simultaneous evaluation of both ATF ears under comparable conditions and
reducing the number of costly explosive detonations. Nevertheless, it has been shown that for high-level continuous noise,
the mechanisms limiting the performance of HPDs — especially earmuffs — depend strongly on the directionality of the
incident acoustic field [11-13]. Consequently, it is all the more pertinent to examine this effect for impulsive noise. Several
studies have analyzed the influence of the incidence angle of high-level impulsive waves on various HPDs, including
earmuffs and earplugs [8-10]. These works have demonstrated the impact of incidence angle on several performance
indicators, notably the reduction of peak pressure level. However, these studies do not incorporate combined frequency-
and time-domain analysis of protected ear canal pressure, which allows examination of earplug transmission,
demonstrated to be the major transmission path for very high-level impulsive sounds [5].

In this context, the present study aims to analyze the influence of the incidence angle on the performance of four earplugs
of different types when exposed to impulsive waves with a peak level of over 170 dB. This approach broadens the range
of HPDs examined by Murphy et al. [9] while investigating how the earplug transmissions — key mechanisms governing
plug effectiveness — are modulated by the acoustic wave’s direction of incidence.

2  Materials and methods

2.1 Impulse source generation

To reproduce acoustic levels comparable to those encountered by military personnel, high-intensity impulsive noise was
generated using explosive charges. The acoustic source consisted of 35 g RDX/wax relay charges manufactured in-house.
The source—sensor distance was kept constant throughout all measurements and set to 6.5 m.

The impulse source is measured with a piezoelectric blast pencil probe KISTLER 6233BA. A representative impulsive
pressure waveform and third-octave band spectrum are shown in Figures 1 (a) and (b). Averaged over eight repeated
measurements, the peak sound pressure level reached 171.2 dB, with a positive phase duration (A-duration) of 2 ms.
Spectral analysis indicates that more than 95% of the signal energy lies below 760 Hz, and more than 75% is concentrated
below 165 Hz.

8 90 3
g z g
= 6 & 85 s, S
9 4 % v e Stimulation
2 = 80 3
g 2 1 g 1
s % 75 s
= = 2,
3 3 70 g
S S 9
< 4 < o HENNENEEEEENEENEEEE <
4 8 12 16 8833383838888 4 8 12 16
I = N < O O VU Wn O
— N < .
Time (ms) Frequency (Hz) Time (ms)

Figure 1: (a) Mean time evolution of source wave measured with the sound probe, (b) Mean third-octave band spectrum
of source wave measured with the sound probe for a 171 ms signal duration, (c) Time evolution of a grazing incident
151 dB-peak source wave measured with the sound probe and resulting 161 dB-peak wave measured with the ATF
microphone at grazing incidence.

To quantify the impact of the measurement environment on the pressure in the ATF ear canal, an unprotected
measurement using the ATF coupler was performed (see Figure 1.c). To avoid microphone saturation, the source was
generated at a distance of 23 m from the ATF using a 7 ¢ RDX/wax relay, resulting in a stimulation level of 161 dB-peak.
The signals were temporally aligned with the maximum acoustic pressure of the external pressure signal. Thus, Figure 1



(c) indicates the presence of a strong reflection appearing approximately 3.4 ms after the onset of the main impulsive
wave. This reflection is expected to generate a comb pattern in the narrowband spectra.

2.2 Hearing protection devices

Four types of earplugs were evaluated in this study. These included a foam earplug, a passive, level-dependent, nonlinear
earplug (open mode), a custom-molded earplug with a flat passive acoustic filter, and a silicone flanged earplug.
Characteristics of the earplugs are listed in Table 1.

Table 1 - Earplugs designations, manufacturers, trade names, and Single Number Ratings (SNR)

Earplug type Manufacturer | Trade name SNR (dB)

Foam 3M E-A-R™ Soft Yellow Neon | 34

Nonlinear 3M Combat Arms™ 28 (closed mode)
Custom (passive filter) | COTRAL Lab | QEOS +33 dB 33

Silicone flanged 3M Ultrafit 29

These earplugs were inserted with a controlled insertion depth of 10 mm throughout the experiment. Consequently, a
small protrusion remained visible. Owing to their distinct mechanical properties and geometrical designs, these earplugs
are expected to exhibit markedly different mechanical responses to impulsive acoustic waves.

2.3 Acoustic pressure measurements

The acoustic pressure inside the protected ear canal was measured using two ATFs manufactured by the French—German
Research Institute of Saint-Louis (ISL). These fixtures comply with the ANSI/ASA S12.42-2010 standard for measuring
hearing protection performance under impulsive noise exposure and provide more than 60 dB of insulation across the full
frequency range. The ATFs were mounted on a rigid plate equipped with an angular scale, allowing precise orientation
of the fixtures relative to the fixed sound source. For both ATFs, the distance from the source to the ATF center was set
to 6.5 m. For each angular configuration, the ATFs were rotated accordingly, and the source—ATF center distance was
verified to ensure consistency. Figure 2 illustrates the protocol.
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Figure 2: Schematic representation of the experimental setup: arrangement of the source, sensors, and shelter.

Both the ATFs and the sound probe were protected from unfavorable weather conditions by a 4 m high shelter. The
distance between the ATFs and the sound probe was approximately 1 m. The four earplugs were inserted into the ATF
ear simulators. For each angular configuration, three measurements were performed (the earplugs were removed and
reinserted prior to each measurement set), and the mean acoustic pressure was computed. Pseudo-peak noise reduction,
denoted NR*, was calculated as the difference between the maximum sound pressure level measured by the pencil probe
and the maximum pressure level measured inside the ear canal. Due to logistical constraints, the third-octave band and



narrow band NR* include reflection and diffraction effects induced by the ATF geometry and the environment. The
estimated positive phase duration, denoted A-duration, was defined as the time interval between the onset of the pressure
rise and the intersection of the zero axis with the tangent to the first-phase decay of the impulse waveform. The D-duration
was also estimated as the time interval during which the pressure fluctuations are within 10 dB of the peak pressure.

3  Results

3.1 Pseudo-peak noise reduction and A- and D-durations

The pseudo-peak noise reduction (NR*) and the A- and D-durations are shown in Figures 3(a), 3(b), and 3(c), respectively.
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Figure 3: Pseudo-peak noise reduction, A-duration and D-duration estimated for the four earplugs. An angle of 0°
corresponds to normal incidence, 90° to grazing incidence, and 180° to contralateral incidence.

For all earplugs, the lowest NR* values are observed for angles close to normal incidence (0°, 45°, and 315°). The NR*
values increase with the angle of incidence, reaching a maximum at 135° and/or 225°. A slight reduction is observed
under contralateral incidence for the foam and molded earplugs. The nonlinear earplug exhibits the smallest variation in
NR* with angle (2.3 dB). In contrast, the other earplugs show much larger variations: 6.8 dB for the molded earplug and
up to 8.0 dB for the foam and silicone earplugs.

The A and D durations vary only slightly for the molded earplug (0.1 ms). The largest variation is observed for the
nonlinear earplug, with a difference of 1.4 ms for the A-duration and 2.4 ms for the D-duration. As for NR*, the A and D
durations are shortest for angles close to normal incidence and increase with angle, reaching a maximum between 135°
and 225°. However, unlike NR*, all earplugs induce different increases in the A and D-durations.

3.2 Earplugs time pressure and frequency-domain representation of NR*

3.2.1 Foam earplug

The temporal pressure in the occluded ear canal, as well as the third-octave band NR* and narrow band NR* for three
angles of incidence in the case of the foam earplug, are presented in Figure 4.

The temporal signal reveals the superposition of several phenomena. The first corresponds to a low-frequency pressure
oscillation within the ear canal. Based on the positive phase duration, the oscillation frequency is estimated to lie between
approximately 0.2 and 0.3 kHz, depending on the angle of incidence. This oscillation is interrupted by the reflected wave.
Figure 4(c) highlights a significant difference between normal incidence and the two other incidence angles shown. A
second region of similar discrepancy is observed between 0.5 Hz and 0.6 Hz. A modal analysis (not detailed here) suggests
that these frequencies may correspond to the first and second vibration modes of the system. Another resonance
phenomenon of the system can be observed in the temporal signal, characterized by rapid oscillations that are more
pronounced for grazing incidence. This behavior results in an increase in the third-octave band NR* around 3.6 kHz.
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Figure 4: Acoustic pressure and frequency-domain representation of NR* for the foam earplug facing a 171.2 dB-peak
impulsive sound.

3.2.2 Nonlinear earplug

The temporal pressure in the occluded ear canal, as well as the third-octave band NR* and narrow band NR* for three
angles of incidence in the case of the nonlinear earplug are presented in Figure 5.
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Figure 5: Acoustic pressure and frequency-domain representation of NR* for the nonlinear earplug facing a 171.2 dB-
peak impulsive sound.

The temporal signal of the nonlinear filter (Fig. 5(a)) mainly exhibits two pressure oscillations: a low-frequency and a
higher-frequency one. The latter is particularly visible in the temporal signal for normal incidence. Based on the positive
phase duration, the low-frequency component is expected to occur around 0.5 kHz for normal incidence, 0.3 kHz for
grazing incidence, and 0.35 kHz for contralateral incidence. This behavior is consistent with the shift of the peak observed
in the narrowband NR* (Fig. 5(c)). Nevertheless, the reflection produces a comb-like pattern in the frequency
representation of the NR*, which may compromise the analysis's accuracy. The higher-frequency oscillation
superimposed on the signal occurs at approximately 2.5 kHz, and its amplitude varies significantly with the angle of
incidence.

3.2.3 Molded filter earplug

The temporal pressure in the occluded ear canal, as well as the third-octave band NR* and narrow band NR* for three
angles of incidence in the case of the molded filter earplug, are presented in Figure 6.



The temporal signal highlights an oscillatory component with a period of approximately 3 ms. This results in a spectral
peak between 0.3 and 0.4 kHz. The angle of incidence influences the amplitude of these oscillations. A higher-frequency
component is also superimposed on the signal, producing a peak around 4 kHz in the third-octave band NR*. However,
the amplitude of this peak also depends on the angle of incidence, with a reduced amplitude for contralateral incidence.

= 300 10
=3 "
@ 150 | =2 5%
] Q@ e
@ W S 30 &
o 0 Mt ¢ * 1 »
g /o gw T A v
_é-lSO 50 El < 2N
3 -300 60
< 5 6 7 8 9 10 11 28 3 8 8 8 8 8
o - w35 2 2 8
Time (ms) Frequency (Hz)
0° e=a=- 90° 180° —e—0° —=x%=-90° a— 180°

(a) Time pressure (b) third-octave NR*

ReF A > l“

!
[
4

0
wn wn o o o
~ N n o =]
o — ~ n =]
Frequency (Hz)
0° ==m——- 90° 180°

(c) narrow band NR*

Figure 6: Acoustic pressure and frequency-domain representation of NR* for the molded earplug facing a 171.2 dB-peak

impulsive sound.

3.2.4 Silicon earplug

The temporal pressure in the occluded ear canal, as well as the third-octave band NR* and narrow band NR* for three

angles of incidence in the case of the silicone earplug are presented in Figure 7.
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Figure 7: Acoustic pressure and frequency-domain representation of NR* for the silicon earplug facing a 171.2 dB-peak

impulsive sound.

The silicone plug highlights a pressure signal that appears to be strongly affected by reflections. Consequently, the
relationship between the pressure oscillation period within the protected ear canal and the narrowband NR* is more
difficult to correlate. A modal analysis of the system (not detailed here) suggests a first resonance mode between 0.4 and
0.5 kHz. This mode is visible in the narrowband NR* and is highly angle-dependent. Normal incidence represents the
most unfavorable condition for this mode. The modal analysis also reveals a second vibration mode above 1 kHz.
However, identifying this second mode remains challenging. An oscillation similar to that observed for the foam plug
case is also detected, with a period of 3.6 kHz, and it is more pronounced at grazing incidence than at the other incidence

angles.



4  Discussion

4.1 Transmission associated with the first vibration mode of the earplug

The temporal signals measured in the protected ear canal of the ATFs reveal transmitted waves whose characteristics
depend on the properties of the coupled protector—ear canal system. Across all configurations investigated, a dominant
component of the transmission appears to be associated with the system's first vibration mode. This mode corresponds to
a global displacement of the protector, which can be approximated as a quasi-rigid-body motion [14]. It induces the main
pressure oscillation in the ear canal at a frequency below 0.5 kHz. Given the excitation-energy distribution, this mode is
particularly excited in the configurations studied. Moreover, it appears to contribute significantly to the peak noise-
reduction value, making it a key mechanism governing the dynamic response of the protector—ear canal system.

As shown in Figure 3(a), the transmission associated with this first mode is more pronounced for normal incidence than
for the other incidence angles considered. In addition, the variation of the A-duration and D-duration observed in the
transmitted pressure signals in the ear canal (Figures 3(b) and 3(c)), suggests that the angle of incidence affects the
characteristics of the resonant system. This effect is unlikely to be explained solely by the geometric shielding provided
by the artificial head, given the wavelengths associated with the considered frequencies. These observations therefore
suggest the presence of an additional mechanism capable of modifying the system's response. One possible hypothesis is
the emergence of structural nonlinearity in the protector, induced by the direct loading of the shock wave on its external
surface [3]. This hypothesis is also consistent with the potential influence of the portion of the protector protruding outside
the ear canal, which may modify the surface directly exposed to the incident wave. Such a protrusion could lead to
differences in the protector's dynamic loading with angle of incidence, thereby contributing to the discrepancies observed
in the responses measured across the different incidence angles.

4.2 Transmission associated with higher-order vibration modes

The higher vibration modes of the earplugs are more difficult to identify and quantify solely from temporal signals
measured in the protected ear canal and frequency-domain representations of NR*. Among the tested configurations, only
the foam earplug appears to exhibit a clearly identifiable second mode, located between 500 and 600 Hz (Figure 4(c)),
which is more pronounced for normal incidence. Modal analyses performed through numerical simulations provide
estimates of the vibration modes associated with the different earplug designs. However, the examination of the temporal
signals presented in Figures 4 to 7 suggests that the contribution of these higher modes to the overall response remains
relatively limited. This may first be explained by the influence of reflections and diffractions within the experimental
environment, which complicate the isolation and identification of these modes in the measured signals. In addition,
because these modes occur at higher frequencies, the ATF's head-shadowing effect may further reduce their observable
contribution. Although these higher vibration modes of the earplug—ear canal system do not appear to govern the dominant
pressure dynamics within the ear canal, they remain important to consider. Depending on their characteristics, they could
induce acoustic leakage mechanisms in a manner similar to the structural nonlinearities observed in earmuffs [3].
Additional investigations are therefore required to better characterize their influence on the overall protection
performance.

Earplugs incorporating an acoustic filter, such as the CAE or the QEOS +33 dB, may also exhibit behavior at mid and
high frequencies primarily governed by the filter's acoustic properties. For instance, the QEOS +33 dB earplug includes
an internal channel whose characteristics exhibit a resonance around 4 kHz, as observed in Figure 6, which generates
small high-frequency oscillations in the transmitted signal. Similar oscillations are also observed around 3.6 kHz for the
foam and silicone earplugs, suggesting an acoustic resonance of the coupled system that appears less dependent on the
specific mechanical properties of the earplugs. Interestingly, for the earplugs exhibiting high-frequency resonances
(around 3-4 kHz), the associated oscillations appear more pronounced at grazing incidence than at normal incidence. The
physical mechanism responsible for this directional dependence remains unclear and requires further investigation.

5 Conclusion

The measurement of hearing protection performance under high-level impulsive noise, as described in the ANSI/ASA
S12.42-2010 standard, is performed using acoustic test fixtures (ATFs) exposed to grazing-incidence impulsive waves.
In the present study, four different earplugs were investigated using an impulsive wave with a peak level of 171 dB under
several incidence angles, incremented by 45°. The results show that the dominant pressure dynamics within the protected
ear canal are governed by the first vibration mode of the coupled earplug—ear canal system, which exhibits a significant



dependence on the angle of incidence. In particular, normal incidence appears to enhance the contribution of this first
vibration mode, possibly due to structural nonlinearities of the earplug induced by the direct loading of the shock wave.
Further investigations are required to characterize better the role of the wave incidence angle for higher vibration modes,
particularly regarding their potential contribution to the generation of acoustic leakage paths and their influence on overall
protection performance.
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