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Abstract
Exposure to high sound pressure levels (SPL) is a leading cause of noiseinduced hearing loss, 
and earplugs are a primary means of protection. The effectiveness of earplug protection 
depends on the seal formed in the ear canal. An ill-fitting earplug leaves air gaps that leak sound 
and degrade attenuation. The acoustics of these leak paths and their dissipation mechanisms 
under high-amplitude sound remain poorly characterized. This study quantifies sound 
transmission through modeled earplug leakage with rigid-wall idealization and identifies the 
governing dissipation mechanisms by combining impedance-tube experiments and direct 
numerical simulation (DNS). The methods were first verified against stand-alone slit reso
nators and orifices, for which extensive published data are available, and then used to measure 
the transmission loss (TL) and acoustic power absorption coefficient of modeled earplug–canal 
configurations over 1–5 kHz at overall incident SPLs of 120–150 dB. Leakage from an ill-fitting 
silicone rubber earplug reduced its TL by approximately 18 dB relative to a sealed configuration 
at an overall incident sound pressure levels (OISPL) of 120 dB, and the leakage-path TL in
creased with SPL, indicating a nonlinear attenuation mechanism. DNS resolved the SPL- 
dependent mechanism, showing that incident acoustic energy is converted into vortical ki
netic energy at the leak edges at an OISPL of 150 dB, more strongly at lower frequencies. These 
findings show that this nonlinear mechanism activates under modeled leakage and identify the 
leak path as the dominant SPLdependent transmission route in ill-fitting, non-absorbing 
earplugs, underscoring the importance of seal integrity in high-SPL environments.
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Figure 1. Sketch of (a) the human ear with an earplug inserted in the ear canal and (b) its analogy to a circular 
orifice opening.
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Figure 2. A layout (not to scale) and specifications of the extended two-sided tube with its data acquisition 
system. The inner diameter of the tube is D ‰25;4 mm.
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Figure 3. The processing steps: (a) separating the incident and transmitted pulse from their reflected pulses, 
(b) applying a Hann window on the separated incident and transmitted pulses, (c) averaging 100 windowed 
incident and reflected pulses, and (d) using FFT to determine the incident and transmitted power spectral 
density (PSD), which is used to calculate the TL defined in (2).
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Table 1. Measured incident sound pressure level.

Nominal OISPL (dB) Measured peak SPL (dB) Measured OISPL (dB)

120 140.0 121.7
130 147.5 130.7
140 159.9 139.2
150 167.9 147.8

Figure 4. The five orifice plates studied in this work.
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Table 2. Specifications of the steel orifice plates studied in this work. We use steel as the raw material to 
machine all solid and orifice plates, ensuring a flush surface finish. All the orifice plates have an outer diameter 
of 4D and a thickness of 0;125D, where D ‰25;4 mm.

# Test article Inner diameter Area ratio

#1 0.5% orifice plate 0;071D 0.005
#2 1% orifice plate 0;100D 0.010
#3 5% orifice plate 0;224D 0.050
#4 10% orifice plate 0;316D 0.100
#5 100% orifice plate D 1.000

Figure 5. Measured performance of the steel orifice plates (test article #1–5) under OISPL ‰120 dB for (a) 
the transmitted pulse in the time domain and (b) the transmission loss spectrum compared to the analytical 
model described in section 2.2.
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Numerical methods and verification
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Figure 6. The three test articles evaluated in this work. Test Article #6 is a 3D-printed solid plate of the same 
thickness as the ear-canal model, used as a baseline. Test Article #7 is the 3D-printed modeled ear canal, 
with circular cross-sections following Stinson and Lawton,40 which is the article used in all reported ear-canal 
TL measurements. Test Article #8 is a longitudinal section view of the same modeled ear canal, fabricated for 
visualization of the internal geometry, which is not used in TL measurement.
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Figure 7. The simulated broadband sound source’s power spectral density (PSD) is calculated according to 
the formulation of Tam et al.44 We follow (4) to calculate the OISPL of the two plotted sources.
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Figure 8. Model schematics (not to scale) of the (a) 2D ill-fitting earplug, (b) 3D ill-fitting earplug, and (c) half 
of the 3D ill-fitting earplug model to reveal the inner view of the model. The 3D earplug model is shaded in 
green for visual clarity.
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Table 3. Simulation parameter specification. The grid resolution is uniform. The simulation duration is 
presented as the total number of time steps.

Case Domain size Grid size Time step size Time steps

2D broadband 12L × L 14400 × 1200 2;5 × 10� 8c0>L 5,000,000
2D discrete tones 12L × L 14400 × 1200 2;5 × 10� 8c0>L 1,600,000
3D 1 kHz discrete tone 12L × L × L 3600 × 300 × 300 1 × 10� 7c0>L 400,000
3D 2 kHz discrete tone 12L × L × L 5040 × 420 × 420 7;5 × 10� 8c0>L 540,000
3D 3 kHz discrete tone 12L × L × L 6240 × 520 × 520 7;5 × 10� 8c0>L 540,000
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Figure 9. Schematic of the computational domain with acoustic source (not to scale) where the height and 
width of the domain †L‡are much smaller than the wavelength of the sound in the interested frequency 
range.

Figure 10. Vorticity distribution of a discrete tone propagating through the 2D slit resonator under dynamic 
steady conditions.
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Figure 11. Schematic representation of the computational domain showing the acoustic source and the 2D 
slit (not to scale) to simulate the modeled ill-fitting earplug.

Figure 12. Comparison of power absorption coefficient spectra (� ≈ 1 � kcRk2 in this simulation) among 
numerical data and experiment of Ahuja et al.53 with discrete tones at ISPL ‰150 dB.
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Figure 13. The photos of three types of commercial earplugs used on the ear canal model: (a) a silicone 
rubber earplug, (b) an ultrasoft foam earplug, and (c) a silicone putty earplug with five different 
configurations.
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Figure 14. TL spectra for seven earplug–ear-canal configurations with nominal OISPL of (a) 120 dB, (b) 
130 dB, (c) 140 dB, and (d) 150 dB. Circular markers (shown only for the five earplug designs) denote the 
arithmetic mean of 10 independent insertions, the vertical bars indicate the standard deviation, and shaded 
regions span the full range observed across the 10 trials. The 3D-printed plate and bare ear canal results 
remain unchanged because these configurations do not require manual insertion of earplugs; therefore, they 
appear without error bars.
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Figure 15. The transmission loss (TL) spectrum of (a) ill-fitting silicone rubber earplug compared to a 0.5% 
orifice plate and (b) ill-fitting silicone rubber earplug sealed with petroleum jelly under an OISPL of 120 dB to 
150 dB.
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Figure 16. Instantaneous vorticity distribution of the simplified 2D earplug-canal geometry at the 40th cycle 
for 1 kHz signals at ISPL.
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Figure 17. Time-averaged vorticity magnitude distributions in the simplified 2D earplug-canal geometry, 
subjected to an incident acoustic source at 150 dB across six frequencies. The time averaging periods 
correspond to acoustic cycle ranges: (a) 10–40, (b) 20–80, (c) 30–120, (d) 40–160, (e) 50–200, and (f) 60–240. 
Vortex shedding appears more predominant at lower frequencies.
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Figure 18. Magnified time-averaged vorticity magnitude distributions in the simplified 2D earplug-canal 
geometry, subjected to an incident acoustic source at 150 dB for (a) 1 kHz and (b) 3 kHz.
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Figure 19. Comparison of the absorption coefficient spectra (� defined in the acoustic performance metrics 
subsection) of the modeled 2D ear canal with an ill-fitting earplug under an OISPL of 120 dB and 150 dB.
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Figure 20. Normalized kinetic energy (KE) distributions at the 40th acoustic cycle in the simulated 3D ear 
canal model with a modeled ill-fitting earplug.
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Figure 21. The vortex shedding at the outlet of our ear canal model is similar to the vortex shedding induced 
by a 147 dB sound pulse at the outlet of a conical nozzle, as demonstrated in (a) experimental visualization 
using a smoke generator59 (reproduced with permission from Elsevier) and (b) numerical results from the 
present MFC simulation.

Figure 22. Time-averaged vorticity magnitude distributions in the 2D x–y slice of the simulated 3D ear canal 
model with an ill-fitting earplug. The time-averaging periods correspond to acoustic cycle ranges: (a) and (b) 
10–40, (c) 20–80, and (d) 30–120. A larger vorticity magnitude and vortex shedding at lower frequencies 
indicate a greater potential for acoustic energy dissipation through vorticity conversion.
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Figure 23. Magnified time-averaged vorticity magnitude distributions in the simulated 3D ear canal model 
with a modeled ill-fitting earplug, subjected to a 1 kHz incident acoustic source at 150 dB.

Figure 24. Time-averaged sound pressure level (SPL) distribution in the 2D x–y slice of the simulated 3D ear 
canal model with an ill-fitting earplug, subjected to a 1 kHz incident acoustic source at 150 dB.
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Figure 25. Comparison of the absorption coefficient spectra (� defined in (1)) of the modeled 3D ear canal 
and ill-fitting earplug for ISPL ‰120 dB and 150 dB as labeled.
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