
1 Introduction
To be efficient, a Hearing Protection Device (HPD) should
be worn during the time the workers are exposed to high
level noises. However, considering the corresponding hear-
ing difficulties and/or physical discomfort, workers do not
use HPDs properly and consistently. In the past, some in-
dicators of physical (static pressure on the ear canal (EC)
walls) [1] and auditory (insertion loss, occlusion effect) [2,3]
discomfort induced by earplugs (EPs) have been assessed us-
ing numerical models. However, thein situ deformation of
EPs and tissues surrounding the EC has never been observed
experimentally. These deformations could provide useful in-
formation to investigate how EPs and tissues should be mod-
elled and characterized mechanically in order to predict EP
efficiency indicators such as sound attenuation, occlusion ef-
fect and mechanical pressure applied on the EC walls. In this
study, we assessed the deformation of the open and occluded
EC of a single human subject using high-resolution magnetic
resonance imaging (MRI) and for seven different EPs.

2 Method
2.1 Earplug insertion in the ear canal
Ear canal. The deformation of open and occluded EC was
investigated for both ears. In order to raise the EPs con-
spicuity and the external auditory canal delineation, ECs were
filled with natural almond oil.

Earplugs. Three groups of EPs were investigated: the
moldable EPs made from polyvinyl chloride or polyurethane
foam materials, the pre-molded EPs made from silicone or
foam and plastic and the custom molded EPs made from sil-
icone, acrylic or thermosoft materials. The seven EPs and a
qualitative description of their rigidity and initial shape are
presented in Table 1. A view of each EP is given in Figure 1.

2.2 High-resolution magnetic resonance imaging
As few pathologies involve the outer ear, this part of the body
has never been worthy of interest in MRI studies. Thus, a
3D space MRI sequence described in Table 2 has been opti-
mized to non-invasively discriminate the tissues surrounding
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Table 1: Description of the earplugs. The mathematical symbols
(-/+) qualitatively sort the rigidity and initial shape of earplugs.

EP name Materials EP/EC
(and type) (and rigidity) similarity

Mf (moldable) foam (- -) - -
PMs (pre-molded) silicone (-) - -

PMfp (pre-molded) foam + plastic (-) - -
Ms25 (molded) silic. shore A 25 (+) ++
Ms40 (molded) silic. shore A 40 (++) ++
M t (molded) thermosoft (+++) ++
Ma (molded) acrylic (++++) ++

the EC. Using these parameters, the fat tissues and the al-
mond oil appear white on images, the skin and the cartilagi-
nous parts appear grey and the bones, the foam, the plastic,
the acrylic, the thermosoft material and the air appear black
(see for example Fig. 1(b)). Given the relatively small diame-
ter of the RF coil (20 cm) as compared to the cranial diameter,
the left and right pinna of the subject were slightly deformed
during MR acquisitions. Moreover, ear muffs were used dur-
ing open EC measurements to protect the subject from the
MR system noise. In this case, the pinnae of the subject were
largely deformed. However, according to first observations,
it was considered that, from the concha to the eardrum, the
EC deformation due to the RF coil and ear muffs was small
enough and thus acceptable.

Table 2: Main parameters of the optimized MRI sequence.

MR system Siemens 3T (Verio)
Radiofrequency (RF) coil Head 32 channels

Sequence Space 3D
Weighting T1

Plane Axial
Slices 128

Resolution [mm] 0.6 iso.
Acquisition time [min] 9

2.3 MRI post-processing
To accurately estimate the EC deformation, all images have
been repositioned using a rigid registration method from the
Advanced Normalization Tools (ANTs) library toolkit [4].
Then, each EC was segmented using one slice of the axial
plane. This slice was arbitrarily chosen to observe the EC
deformation for each EP and is presented in Figure 1. The
boundaries of the segmentation were given by the EC walls
and a sagittal plane located in the concha. On the one hand,
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this plane was chosen to observe the largest part of the EC
and, on the other hand, to avoid the deformation due to the
RF coil and ear muffs. The example of the open EC segmen-
tation is given by the red area in Figure 1(b). Finally, the
EC deformation was related to the number of voxels of each
segmentation and qualitatively evaluated by a radiologist.

3 Results and discussion
Figures 1(a) and 1(b) show the non occluded (NO) EC. The
other images present the rigidly registrated occluded EC us-
ing the moldable (Fig. 1(c) and 1(d)), pre-molded (Fig. 1(e)
and 1(f)) and custom molded (Fig. 1(g), 1(h), 1(i) and 1(j))
EPs. The images are displayed usingFSLView [5]. Table 3
gives the segmented number of voxels for both open and oc-
cluded ECs. The deformation of the EC clearly depends on

Table 3: Number of voxels for the segmentations of the open and
occluded ECs.

EP (right) NO Mf PMfp Ms25 Ma

Voxels 141 332 330 281 290
EP (left) NO Mf PMs Ms40 M t

Voxels 196 302 280 254 232

the type of EP. According to the number of voxels given in
Table 3, the moldable EPs and thePMfp pre-molded EP ap-
ply the largest deformation on the EC. Then, the deformation
decreases using thePMs pre-molded, and the molded EPs re-
spectively. Using the pre-molded EPs, the EC fits the shape
of the round and conic EPs as shown in Figure 1(e) and 1(f)
respectively. The custom molded EPs induce the smallest but
non negligible deformation of the EC as they are made to fit
its shape. Note that these observations are only valid for the
slice of interest.

4 Conclusions
This pilot study aimed at observing the deformations of the
ear canal by seven different earplugs. Magnetic resonance
images providing a good contrast between the tissues sur-
rounding the ear canal were acquired to non-invasively char-
acterize these deformations. Using segmentations of the open
and occluded ear canal within one slice of the axial plane, we
identified the largest deformations with the moldable and the
round pre-molded earplugs, while they were smaller with the
other pre-molded and the molded earplugs. However, it is
not possible to conclude on the global deformation of the EC
since only one slice is used for segmentation. The next step of
the study is to compute a quantitative analysis on the global
deformation of both EPs and EC using non linear registration
methods.
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Figure 1: Reference images: (a,b) right and left non occluded (NO)
ear canal (EC). Rigid registration of the EC occluded by different
earplugs: (c,d) moldable (Mf ), (e,f) pre-molded (PMfp andPMs),
(g,h) molded silicone (Ms25 and Ms40), (i,j) molded acrylic and
thermosoft (Ma andM t). PMfp, Ma andM t are non visible on
MR images but a view of each earplug is given in the bottom corner
of images. The red area in Figure (b) shows the segmentation of the
open EC.
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