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Highlights

e Physical discomfort induced by earplugs is a persisting complain in surveys generated by labour
worldwide.

e Physical discomfort is induced by mechanical stresses which can be treated via rigorous tribological
models axisymmetric models.

e A J-Crimp machine that is typically used for stent characterization is used to assess the radial
pressures induced by earplug on ¢arcanal walls.

e Calibration of hyperelastic propertics of skin and foam can generate representative pressure maps
and displacement field across earcanal.

Abstract

Physical discomfort of earplug is a common complaint, so much so it jeopardizes the health and
safety of workers, resulting in frequent noncompliance to proper wearing of earplugs. A pressing
need thus arises to understand the underlying mechanics for the interaction of earplugs with
earcanal walls. An idealized cylindrical geometry of earcanal is first treated with computational
and analytical modeling to predict the pressure induced by roll-down cylindrical PVC foam
earplugs. In order to predict representative pressure values and distribution, we estimated the

hyperelastic properties of foam-based earplugs and characterized their behavior using a stent
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testing machine (J-Crimp™ machine) that mimics the radial compression of earplugs inside
earcanals. Similarly, we estimated the hyperelastic properties of skin based on a simplified system
consisting of a single hyperelastic layer. As a crosscheck of those found properties and calibrated
models, we validated them with literature and against a set of three experiments: (i) earplug
expansion in a cylindrical holder, (ii) quasi-static uniaxial and (iii) transverse compression. We
finally used those validated properties of foam and skin to compute the pressure magnitude and
distribution in an axisymmetric representation of earcanal as well as in a 3D realistic earcanal

reconstructed from MRI images of a human subject.

*corresponding author; email address: ahmed.dalag@mail.mcgill.ca

Keywords if applicable
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1. Introduction

Noise induced hearing loss is a worldwide health issue. According to the Bureau of labor statistics,
1 in 9 of all recorded diseases is related to noise-induced hearing loss (NIHL) [1] in the United
States (US). In Suzhou (China), in the year 2001, the rate of NIHL induced diseases reached up to
43.4% in urban areas [2]. These alarming statistics can be partly attributed to the discomfort
associated with wearing earplugs. This discomfort may lead workers to wear earplugs incorrectly
or in worse cases not wear them at all [3—8] while the claimed hearing protection is only achieved
when earplugs are worn properly and consistently [9—11]. Even if provided with earplugs, about
3% to as high as 74% of workers in the United states (depending on the type of work) subjected to
high noise levels do not use earplugs properly [12—16]. Comfort as a construct has recently been
divided into four basic dimensions: (i) physical, (ii) acoustical, (iii) functional and (iv)
psychological [3,4]. In this work we focus on the physical dimension and the role of the static
pressure induced by earplugs on earcanal. The physical dimension has not yet been investigated

as thoroughly as acoustical ones [17-22] despite its prominence in the construct of comfort.

The subjective part of physical discomfort can be captured through surveys and carefully designed
questionnaires [4,23-25]. A result of several of these administered surveys have highlighted that

“pain” is a common feedback from workers [4,23-25]. A strong component of the physical
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dimension is the role of mechanical pressures and friction induced by earplugs on earcanal walls.
Those indicators are objective quantities that can be found using rigorous methods of mechanics
of materials. That in turn can contribute in developing objective comfort index for earplugs. Such
an index is already present in various contexts as in for example the thermal comfort [26],
computer wearables [27], manual saws [8], armchairs [28] , wheelchairs [29] and earmuff [30],

but nevertheless absent for earplugs.

To the author’s knowledge, studies on the mechanically induced pressure by earplugs on the
earcanal are scarce [31-35]. One of the first studies on this topic was carried out in 1982, where
the expansion force of earplugs was reported for 5 prominent earplug types using an experimental
testing bench composed of two-pieces cylindrical sample holders (Supplementary materials 4,
Figure S4a) [34,36]. Such an approach led to the evaluation of various earplugs in terms of earplug-
induced expansion force which ranged between 1-3 N. The resulting mechanical load induced by
earplug is generally referred to as static stress, equilibrium pressure or final expansion pressure.
Throughout the manuscript, we denote it as static pressure, while the term “static” indicates that it
is the pressure at steady state after full expansion of the earplug inside the earcanal when quasi-
static condition applies. This static pressure is therefore mainly dependent on the hyperelastic
material properties of the foam earplug, the skin, the geometric shape of the earcanal and the
earplug. Knowing those information, simple idealized geometries can be treated with analytical
methods. More complex geometric representations of earcanal are dealt with numerical methods
such as using finite element (FE) models for predicting the static pressure [32,37]. A three-
dimensional (3D) FE model was developed to model the interaction of an earplug with a 3D
scanned human earcanal. They reported stress contours for three different earplugs under linear
elastic setting for a rubbery earplug and earcanal [32]. This assumption of linear elastic material
may be a reasonable simplification for skin because of the very small deformations experienced
by skin, but a rough one for earplugs. Even so, earplugs that are stiffer than skin can still induce
large deformations in skin, which further undermines the simple linear elastic assumption.
Moreover, final shape of the earcanal and the earplug inside the earcanal depend on the relative
stiffness of earplugs to that of earcanal. As such, soft earplugs may simply take the shape of
earcanal, while stiffer earplugs, for example push-to-fit earplugs, may excessively deform the
earcanal [38]. Another study utilized earcanal medical images to infer mechanical stresses through

inverse calculation based on measured deformation of MRI scans [33]. Besides scarcity of works
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in this domain, those investigations lacked experimental validation or verification with simple
analytical models. Accordingly, a clear understanding of the mechanical interaction of earplugs

with an earcanal is absent.
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Figure 1. Earcanal modeling with progressive increase in model fidelity as depicted by a grey arrow at the bottom. (a)
Actual curved earcanal profile cross-section (shown on x-y plane) is idealized into two axisymmetric models, where
insertion direction of earplug is indicated as double sided blue arrow: (b) a simple straight cylindrical earcanal walls
(i.e. earcanal radius of r, = constant), (¢) 2 more representative earcanal profile of that of actual earcanal walls where
I, varies along its axis z-direction. (d) Actual earcanal geometry. In (b), S is the skin thickness and L and a are axial

length (along z-direction) and radius of earplug respectively.

To address abovementioned gaps in the literature, we convert actual 3D reconstruction of earcanal
(Figure 1a) into three tribological models of increased model fidelity (Figure 1b,c,d). At first, we
propose here a simple tribological model as an idealization of an actual 3D earcanal geometry
(Figure 1a and 1b). This simple model consists of a cylindrical earcanal comprising a hyperelastic
skin [39] interacting with a hyperelastic cylindrical roll-down (RD) foam earplug [40] lined with
a linear-elastic bony/cartilaginous/fatty region [41,42] (Figure 1b). Mechanical analysis using the
FE method and the simple analytical formulations of this axisymmetric system can be used to

capture the underlying mechanics for the interaction of cylindrical RD-foam earplugs with
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earcanal walls. This work will focus on the cylindrical 3M Classic™ polyvinyl chloride (PVC)
RD-foam earplugs [43—45] because they are commonly used in noisy workplaces. We will refer

to this type of earplug as RD-foam earplugs for brevity throughout this manuscript.

To the authors’ knowledge, although several studies have provided hyperelastic properties of
various polymeric foams [46—48], very limited data for RD-foam earplugs have been reported in
the literature. Only elastic and viscoelastic RD-foam properties have been determined using static
and dynamic uniaxial and transverse compression experimental tests [36]. To achieve sound and
reliable prediction from these models, we use experiments based on J-Crimp [49] stent testing
along with an FE-model of the associated RD-foam earplug. We will use the FE-model to simulate
quasi-static compression to estimate the representative hyperelastic properties of RD-foam
earplugs through optimization schemes [50]. For brevity, we refer to the quasi-static compression
of earplug using the FE modeling as the “FE-model” throughout the manuscript. Similarly, we
estimate the hyperelastic properties of skin using indentation experiments [39]. Next, we validate
the FE-model of the RD-foam earplug based on the calibrated hyperelastic properties against
experimental data from three different setups namely: (i) an expansion test of earplugs in a two-
piece rigid cylindrical holder; (ii) quasi-static uniaxial compression measurements of cylindrical
RD-foam earplugs from literature and (iii) transverse compression measurements of cylindrical
RD-foam earplugs from literature. Finally, we extend the use of the validated FE-model and its
hyperelastic properties to simulate the static pressure spatial distribution induced by an RD-foam
earplug on both an axisymmetric (see Figure 1c) and 3D (Figure 1d) versions of a more realistic

earcanal reconstructed fromi MRI images of a human subject.
2. Finite element modeling of a RD-earplug inside a cylindrical earcanal

Here we present a simple axisymmetric FE-model of an idealized case depicted on Figure 2a which
simulates the interaction of a RD-foam earplugs with an earcanal. More specifically, we are
interested in capturing the pressure magnitude and spatial distribution induced by earplugs on
earcanal walls knowing mainly the material properties of earplug, skin and their effective
diameters. The configuration of interest consists of an earplug with length L and radius a and
earcanal with length H and radius r,. Typically, earplugs are positioned between the first and
second bend of earcanal surrounded by a mix of bony, cartilaginous and fatty tissues [51]. We

idealize our model here into a skin layer with thickness, s and a bony/cartilaginous/fatty part



Journal Pre-proof

backing the skin with thickness B. Experiments showed that RD-foam earplugs induce
insignificant earcanal deformation corresponding to a mean displacement <0.4 mm [38]. The
surrounding tissue is therefore considered as elastic homogeneous materials with equivalent elastic
properties much harder than skin or earplug (indicated as a hard substrate on Figure 2b). Thereby
the earplug insertion depth in the idealized earcanal can be set arbitrarily as 0.13H because the

material is homogeneous, where variations in the insertion depth has no effect.

The earplug adopted here is a large-size earplug with length of L=19 mm and diameter of 2a=13
mm. Human earcanal radii commonly range between 3 and 4.5 mm [52], so initially we simulate
and report results for r,.=3.5 mm, which leads to ro/a=0.54. Similarly, H is chosen to be 30 mm
since the earcanal lengths vary between 20 and 30 mm [52] . Skin thickness is S=1 mm [53]. The
bony/cartilaginous/fatty part thickness is set arbitrarily to B=6.6 mm.

Figure 2b shows meshed parts (i.e. earplug, skin and hard substrate) along the contact interaction
between skin and earplug (designated in red). Parts are meshed with 3-noded triangular solid
axisymmetric elements with linear shape functions (see Supplementary materials 1). The contact
interaction between the skin and the earplug is enforced via Augmented Lagrange method for
normal contact and penalty method for tangential contact interaction. Mesh refinement is applied
inside the skin layer until the radial stresses are mesh-independent (Supplementary materials,

Figure Slc).

To simulate the occlusion of the earplug into the earcanal while being compressed and its
subsequent expansion in the earcanal, we divided the loading conditions into three steps
(Supplementary materials 1, Figure S2). The earplug is constrained such that axisymmetric
conditions are enforced (Figure 2b). The bony/cartilaginous part is considered fused with the skull
and thus is subjected to fixed boundary conditions (Figure 2b and Supplementary materials 1, Eq.
(S2)). This boundary value problem is solved with Abaqus solver [54]. We refined the mesh until
pressure values and stress fields are converged and is mesh-independent (Supplementary materials,

Figure Slc).

The skin is modeled as an isotropic solid with Neo-Hookean [43,45] constitutive law which has
two parameters: shear modulus C; and bulk modulus K (see the orange box on Figure 2a). The

associated strain energy density W is written as:
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W=C1(ll+/12+ﬂ3—3)+%K(J—1)2 (1)

where 4, 4,and Jare principal stretches along 1, 2 and 3 respectively. J =A4A4,4,, whereas the
second term: %K(J —1)2 determines the compressibility of the material, if the material is

incompressible, the stretches satisfy: J =1 which leads to W =C, (4, + 4, + 4, —3) . The typical
Neo-Hookean parameters of skin at room temperature range between 0.35—1220 kPa for C; and
0.014—63 MPa for K [39] whereas, cartilaginous, bony and fatty material possess typical properties
of E=0.2-3 MPa [55], E=14-20 GPa [56] and 0.02 MPa [57] respectively. The hard substrate that
represents the bony/cartilaginous/fatty region is modeled as a solid with a linear elastic constitutive

law with two parameters: E=20 GPa, v=0.3.

Typical Young’s modulus of polymeric foam ranges between E=12—-326 kPa [46—48]. The foam
region can be modelled using Storaker’s material model [40]. Storaker’s model is governed by
three independent parameters: shear modulus #, and dimensionless empirical material constants
a and S (see yellow box in Figure 2a). The strain energy density for Storaker’s model is written

as:
W:z—ﬂ{ﬂla+12“+ﬂg“—3+l(\]“5—l)} (2)
a’ )

where y is shear modulus, while « and f are hyperelastic material constants and J is the Jacobian.
Typical hyperelastic polymeric foams properties of Polyurethane foam (PU-foam) as an example,
are ©=6—163 kPa, a=2-55 and ~0.02—-0.1 [46—48]. However, the earplugs of interest are made
from a closed-cell PVC foam [36], having a density of 0.110 + 0.002 g/cm?, where +£0.002 is the
standard deviation of the density variation over 10 samples. In addition, this type of foam has a
thin crust on the external boundaries of earplug. Our preliminary uniaxial quasi-static compression
test along the longitudinal axis of the earplug reveals a typical stress-strain (o — &) response of
closed-cell polymeric foams, that is characterized with faint softening, no plateau regime (no
prolonged zero-stiffness), and rapid densification at ¢~ 0.8. We also found that the Young’s
modulus along the longitudinal axis is about 35 kPa corresponding to a shear modulus

U~E/2=175kPa which falls within the abovementioned shear modulus range (See
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Supplementary materials 6). PVC foam in general has an effective Poisson’s ratios that range
between v = 0.09-0.23 (See Ref. [58,59]) which corresponds to £=0.08—0.16 (using Eq. (S7) in
Supplementary materials 2). Our initial simulations using the model shown on Figure 2a and b,

revealed that the forces and pressures within the model scale linearly with the shear modulus of

the foam u. We therefore normalized the foam shear modulus x# with that of the skin 2C; as 4

2C,

. This ratio is to be used throughout the manuscript. The above material properties lead to the range

of £ =0.002-232
2C

1
To develop a basic understanding of the interaction between skin and foam earplug we have
adopted: =131 kPa, 2C;=72 kPa which leads to %=1.8, which is within the range of
1
abovementioned literature values. In addition, the foam earplug material was assigned typical
nondimensional parameters of a=13.1, £=0.02 [46—48]. Section 4 and 6 focus on the estimation

of earplug foam and skin actual properties respectively that will be used later in the manuscript for

simulating representative 2D and 3D cases of earplug expansion inside the earcanal.
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Figure 2. Axisymmetric FE-model and results: (a) idealized cylindrical earcanal occluded with earplug, (b) meshed
FE-model, (c) normalized radial stress field distribution, (d) normalized spatial pressure distribution along earcanal

walls.

o,
Figure 2c shows the spatial distribution of normalized radial stresses field —— (Cauchy stress)
y7i

inside earplug, skin and hard-substrate parts. Stresses inside earplug before and after making
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contact with skin is constant and is simply o,, =—P, (see Eq. (S10a) in Supplementary materials

2). Because of the expansion of the earplug inside the earcanal once the radial loading P is released,
the skin is subjected to compression with magnitudes that depend on g and C;. In turn pressure P,
is developed at the surface of skin. We are more specifically interested in the long-term value of
P, when the earplug has had time to fully expand. In practice, our experiment (in section 6)

revealed that full expansion for foam earplug is typically achieved in about ~300 seconds once it

is released. As such, inertial effects and viscoelasticity can be ignored. For %=1.8, Figure 2d
1

displays the normalized pressure distribution — along earcanal wall. The absence of contact for

0<z/H<0.1 and 0.8<z/H <1 leaves these boundaries with P; =0 (i.e. free boundaries). For
0.1<z/H <£0.8 the earplug establishes contact and therefore pressure develops in this region.
Small spikes in pressure at z/H=0.13 and 0.71 are attributed to the sharp corners of the earplug.

These points of singularity (where theoretically o, — o [60]) can be ignored and may not be of

interest to analysis. Instead we focus on the middle region: 0.2<z/H <0.7 where radial stress

o P

I 0
becomes —=——

u
r./a=0.54
(a) =131
£-0.02
1.6 1.2
FEM
4 Rraiytical modal | |
Po 1.2 + Ve r +u,
- 1 r 1 0.6
u o
08 r Analytical model 0.4
06 n K&y 4 0.2
I
04 Ll Lol g .mm( |)Sjlunl 0
0.01 041 1 10 100
ﬂ/2C1 (r,+u,)/r,>1

Figure 3. (a) Effect of relative softness of earplug foam to skin ratio: £/2C; on normalized contact pressure Po/u (in
red) along with variation of normalized effective earcanal radius (Fo+Ur )/ I, (in blue). (b) Radial displacement field

demonstrating compressed earcanal walls for rigid (I) and soft skin (II) relative to earplug, respectively.
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To assess the effect of the shear modulus of foam earplug u and that of earcanal skin 2C;, we

. P . .
plotted the normalized contact pressure at earcanal walls -* as a function of % ratio (Figure 3a)
H |

along with their resulting radial displacement field normalized by skin thickness S: YUr  We also
S

show the Yrr distribution for two examples cases: (I) and (IT) at % =3 and % =14 respectively
S 1 1

(Figure 3b). At low % (i.e. rigid skin), the earplug barely displaces the earcanal walls
1

r +u
¢ ~1 for low

I, +U, =TI, (see case (I) on figure 3b). The blue curve on figure 3a shows that

s ratios. The resulting pressure is constant P, for 0 < 1\ 7 (red solid curve on figure 3a).
1 1

As 1/2Cy increases beyond A >7, in other words as the skin becomes increasingly softer than
1

earplug foam, P, decreases. This corresponds to an increase in the final earcanal radius I, +U,

due to excessive compression (displacement Urr becomes >> 0) which leads to an increase in

r+u
: . - (Figure 3a). This increase in final radius indicates that the earplug expanded slightly

0

further by a displacement of ur. Figure 3b shows how the skin is undergoing excessive

. H
compression for —=14.
P 2C,

3. An idealized analytical model for predicting static pressure induced by earplugs
The above results of the cylindrical tribological FE model indicate that P, is sensitive to changes

in the final radius I, +U,, for 2L>7. In addition, for 0 < %<7, P, is almost constant and
1 1

independent of variation in A . This finding suggests that assuming rigid skin relative to earplugs
1

11
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(C1—>oo, ZL:O or a hard substrate for the surrounding material) in this range of values may
1

actually be a reasonable assumption for RD-foam earplug-induced pressure prediction. These
observations motivate the formulation of a simplified analytical model for the pressure distribution
on earcanal walls that is induced by a soft earplug radially compressed in a “rigid” cylinder. Such
model can be a handy alternative to the FE-model that represents the above tribological model for

0< - <7. The following analytical model will therefore assume I, +U, = I or Ur=0 and a rigid
1

skin where A =0. Like the previously shown FE-model, earplugs are modeled as axisymmetric
1
cylinders. As such, a point in the earplug is described by its cylindrical coordinates radius r, angle

@ and height z. To find the radial static pressure induced by earplugs o, =-P,, we consider the

earplug as a hyperelastic system, subjected to axisymmetric and equilibrium conditions [61] (see

Supplementary materials 2, Eq. (S10)).

We assume a perfect radial compression, in which the outer surface of the earplug is compressed
radially while maintaining the original axis of revolution, a point centroid and a circular outer
surface at each state of compression. As such, the compression process can be represented as a

kinematic mapping from @ reference frame {R,©,Z}={a, ®,L} to current frame:

{r,0,2} ={a,, 0, L} (see Figure 4a) where the subscript f denotes “final” deformed configuration.

To relate the resulting deformation (stretches) with stresses, Eq. (2) that is the Hill and Stordker’s
hyperelastic strain energy density W is used [40]. Recall that J given by: J = A4 4,4, , where

A1, A2 and A3 principal stretches in r, & and z directions respectively. The term l(\]*aﬁ _1)

accounts for high compressibility, a typical attribute of hyperelastic foams. g — Orepresents a
highly compressible foam, while S — oo represents an incompressible foam. The Cauchy stresses

are obtained by differentiating Eq. (2) [40] (Supplementary materials 2, Eq. (S8)):

21 gy 24
aJ(/’l] ) )

1 a —a
;j(ﬂa -J ﬂ) (3a)

0,=0,=0, =0y =
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N

2pu1
7z a J

(47 -3)=0 (3b)

Solving (3a) and (3b) for the principal stretches we get:

A=2 (4a)
28
= A (4b)

By definitions, principal stretches are simply the length in the deformed configuration divided by

that in the initial one. For example, A, =4, =a,/a where a, is the radius in the final

configuration, therefore A <1 because the earplug is under compression (Figure 4a). At
equilibrium and after full expansion of the earplug, a, =1, therefore 2, = L. Substituting Eq.
a

(4a) and (4b) into (3a), we write o,, which is the pressure P, induced by earplug at a known

earcanal radius r, as:

£ ) 2\ (r—j_ﬁ _(r_o)—z(‘?f;;j )
a

Equation (5) leads to a positive value of pressure, that is essentially a compressive stress: o,, <0

. Equation (5) also indicates that pressure P, is directly proportional to the shear modulus z. Figure

4b plots and shows the nonlinear relationship of P with fo . A smaller earcanal radius relative to

7 a
earplug radius % resultsina larger P,. For example, for a=13.1 and £=0.02, the pressure is L)
a u

=6, 1 and 0 for r_°=0.2, 0.4 and 1 respectively, whereas for 5 =0, the pressure is P, —> oo . As
a a

R
u

such, and according to Eq (5), different sets of (e, £) result in distinct normalized pressures

13
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Figure 4: Analytical modeling of earplug compression. (a) Radial compression of earplug under radial

pressure P,. (b) Normalized radial pressure Po/u variation with normalized earcanal radius ro/a.

For verification of Eq. (5), Figure 5a compares the FE predictions of normalized radial pressure

Bofor L= [0.2, 1] (with steps of 0.1) for a rigid skin (%20) with the analytical model. The
u a 1

analytical model (in black) clearly captures the FE results (in red) quite well. Similarly, both FE-

and analytical-models result in identical pressure values and profile along the earcanal walls for

%o =0.54 (Figure 5b).
a

14
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Figure 5: Verification of (a) radial pressure variation with earcanal radius ro/a, (b) pressure distribution along earcanal

walls of FE-model with analytical model.

Above sections showed how the mechanical interaction of a RD-foam earplug with the earcanal
skin and magnitudes of P, are dependent on the material properties of the earplug (x4, o, #) and

skin (Ci, K). It is therefore needed to estimate the representative properties of earplug foam and

skin as well as their relative shear modulus ratio % . Those properties will also make it possible
1

to evaluate the applicability of the proposed analytical model in light of Figure 3a.

4. Hyperelastic properties of RD-foam

In this section we estimate the hyperelastic properties of the foam (x, a and f) from which the
commercial RD-foam earplugs [44] are made out from. RD-foam earplugs are subjected to radial
compression experiments, which are typically the loading experienced by earplugs inside
earcanals. Catheter stents are subjected to similar pressure loading and regularly tested under radial
pressure using J-Crimp stations from Blockwise (Tempe, Arizona, USA). Here we use this J-
Crimp machine: TTR2 with J-Crimp™ station [49] to apply radial displacement loading on RD-
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earplug (Figure 6a). Its key specifications are: 0—16 mm diameter range, 0.00074 mm diameter
resolution, 660 N radial force maximum, 0.006 N radial force resolution, and +0.4 N radial force
friction level. The accuracy in terms of radial displacement is within £0.05 mm at 10 N. The

accuracy on the radial force for the J-crimp model is £0.5 N.

At first, humidity is set to 50% and the temperature of J-Crimp chamber is controlled at 37 °C,
which matches the temperature inside human earcanal. Through this J-Crimp machine we subject
three fresh earplug at a time (never compressed or rolled down before the experiment) to
displacement-controlled loading where radial force at the surface of the earplug is transmitted from
crimp teeth to a calibrated load cell. An actuation arm mechanism guides and converts radial
motion of the crimp to vertical linear motion [62]. Radial forces are related to the vertical linear
displacement and measured force by energy conservation, which neglects, frictional forces
between the crimp and the tested object. The crimp dies are made from hardened stainless, so they
act as rigid parts. Accordingly, we measure the radial force Fr and compute the static pressure
using [63]:

P= Fe
° 2L,

(6)

where Lt is the earplug length in the “final” deformed configuration (Figure 1b). Experiments

revealed that the earplug surface length L that is in contact with the crimp is unchanged (Lf= L).

However, the earplug exhibits slight bulging at the front and back surfaces. Pressure P, is assessed

in the deformed state of earplug with different r, and thus represents the Cauchy stress.

A fresh earplug of nominal diameter 2a=13 mm and length L=19 mm which are typical dimensions
of RD-foam large sized earplug [44] is inserted inside the cavity of crimp teeth (Figure 6a). Figure
6b shows one example of a displacement-controlled loading profile applied on the tested earplug.
After inserting the fresh earplug, crimp teeth undergo a decreasing slow radial displacement at a
rate of 0.15 mm/s until a desired diameter is reached: 2r,=4 mm (at 0 <t <75 s on Figure 6b). This
diameter is maintained while the earplug undergoes full relaxation until t=450 s. For this particular

loading profile (Figure 6b) and because of radial displacement, radial pressure rises exponentially
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up to P =226 kPa (see Figure 6¢), and as soon as radial displacement stops at t=75 s, the force
slowly decays leading to a steady state pressure P,=100 kPa for t > 300 s (i.e. the static pressure).
In terms of mechanics of materials, this measured static pressure is mechanically equivalent to the
static pressure obtained from the analytical model and FE-model (P, that of Figure 5a). In other
words, the pressure resulting from quasi-static compression (very slow compression) of the earplug
(e.g. Figure 4b) to a specific diameter 2r, as simulated by the FE-model, is equivalent to steady
state pressure P, reached after relaxation to the same 2r, performed in experiments. In both cases,
dynamic and viscoelastic effects have eventually subsided. However, the exponential increase and
decay in the initial part of the experimental curve (0 <t <300 s) are function of viscoelastic
properties and so subject to strain rate effects. This initial part is ignored because the main
objective of these experiments is to measure the static pressure P, for various final diameters 2r,.
We have repeated the above procedure for ro/a=0.31, 0.469, 0.625, 0.718 and measured the
corresponding steady state pressure P,. Figure 6d shows the experimental variation of the raw P,

with ro/a where the shaded area in light blue represents the variations of the three tested samples.

2r,=a=12.8 mm
(a) (b)
J-Crimp™ Crimp teeth Earplug é 15
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Figure 6: Experimental setup and procedure, (a) J-Crimp™ Station with crimp teeth applying displacement-controlled

load on an earplug (yellow cylinder), (b) an example of displacement-time profile, (c) the resulting pressure variation
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with time: P,—t curve. (d) Raw averaged value of pressure P, data at different compression radius r, along with their

tabulated values shown to the right of the plot. J-Crimp picture is adapted from [49].

This raw experimental data can now be used to calibrate the FE-model (of section 2) by finding
actual hyperelastic properties (1, « and f) of the tested RD-foam earplug. Note that variable £
mainly controls materials elongation, bulging and “barreling” of the foam, which are kinematic
attributes that are ignored in this study. We rather focus on calibrating the foam properties for
prediction of pressure. In addition, subjecting those earplugs to uniaxial compression reveals
negligible “barreling” and thus minimal Poisson’s effect (See Supplementary Video S1). We have
therefore assumed the lowest value of £ for PVC foams found in the literature, namely £ = 0.08

and used the experiments to calibrate (z, « ).

In the calibration process, our objective is to minimize the residual error of the pressure prediction

based on the FE model P,"F (u, ) relative to experiment P=*" (u,) which can be written as:
n 2
f(uwa,f)= 3 (R —P™) (7)
e=1

. . S
where those pressures are comptited at the experimental compression ratios -2 . Here we use four
a

experimental data points (i.e. n=4) tabulated on Figure 6d.

An initial full factorial sweep over the 2D parameter space (u, @) on a fixed plane of
S =0.08 revealed that the minimum of f (x, «) lied within the blue region 0.5 kPa < 42 <2 kPa
and 0 <a <15 (Figure 7a). Beyond this region the residual error spikes exceeding f (1, ) > 2000

. The minimum point can be determined by the minimization of Eq. (7) using Nelder-Mead

Simplex Method optimization algorithm [50] subjected to constraints: s €[0,40]kPa,
a €(0,50] and B =0.08. These bounds were selected based on typical ranges of these properties

obtained from previous studies [46—48] (see section 2). The lowest sums of residuals was

f (1, a, S =0.08) = 8.5 that corresponds to a maximum error of 4.6% with respect to J-Crimp

experiments. This minimum value is obtained at u=11.4 kPa, =8.57. These estimated

hyperelastic properties also satisfy the stability criterion [45] and can therefore be used in other
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computational works (Supplementary materials 3, Figure S3). In addition, as an additional
crosscheck Figure 7b shows that the FE-model results computed for z=11.4 kPa, =8.57 and

=0.08 match the calibration experiments with error range of 2—4.6%.

(a) 4=11.4 kPa
p =008 S (b) ,g:gg;
40 >2000 §120
1500 = 100 |
30( Io 2 gl
Minimum 0y
@ 99 (11.4 kPa, 8.57) S 60"
/ o % D
5 400 % \%
10 - 5 %
S 20 @;{p
0 o 0 L L 1 1
0 1 2 3 4 . 0 02 04 06 08 1
¢ (pa) 10 r./a

Figure 7: (a) Full factorial sweep over the material parameter space (u, a, f = 0.08); (b) Verification of FE-model

using the found hyperelastic properties of the earplug and its comparison with experiments.

5. Validation of the FE model of RD-foam

This section presents several experimental setups to validate the RD-foam earplug FE-model
which has been calibrated with the hyperelastic properties determined in section 5. In the first
setup, an experiment is performed by measuring the transverse force Fr generated by earplug
during its expansion. Subscript T stands for transverse. The experimental setup consists of two
disconnected conforming rigid parts, forming a cylindrical cavity of final diameter 2r, that houses
the earplug (Figure 8a). The upper sample holder is supported by a rigid flat plate at a fixed location
(X, H) and is connected to a load cell to measure Fr while a fixed anvil at the bottom supports the
lower conforming half. The load cell is a 100 N capacity Instron (2530+100N) series which is a

resistive force transducer with 0.2% repeatability error.

Unlike the crimp test, here the earplug is first rolled down (i.e. pre-compressed radially by hand)
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and then positioned inside the cavity. The earplug is left to expand until it establishes contact with
the sample holder. The total transverse force measured during this process is plotted as a function
of time on Figure 8b. Figure 8b shows the transverse expansion force Fr for 2a=13 mm and 2r,=7
mm. The force keeps rising for 50 s and then stabilizing at around 150 s. We repeated this
experiment for 2r,=7, 8.5 and 10 mm for the same type of earplug 2a=13 mm using 4 fresh earplugs
for each value of final diameter 2r, (Figure 8c). The blue shaded area represents the maximum and
minimum error margin of measured Fr values. Those RD-earplugs are sensitive to the amount of
precompression, as we have observed qualitatively that with more precompression the final static
pressure gets lower. This behavior can be attributed to damage incuired during the precompression.

Therefore, the hand precompression contributes to variations in the experimental measurement.
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Figure 8: (a) Experimental procedure and stages of deformation from insertion of earplug inside the holder to full
expansion; (b) Resulting experimental transverse expansion force with time: Fr—t; (c) evaluation of calibrated
hyperelastic properties (section 4) used in FE-model in comparison with corresponding experimental data of expansion

test.

Using an equivalent FE-model of this experiment with the previously found RD-foam hyperelastic
parameters: p=11.4 kPa, a=8.57 and [=0.08 (see details in Supplementary materials 4, Figure
S4a), we calculate the transverse reaction force resulting from the expansion of the earplug until it
reaches the final steady state force Fo. The calculated force Fr during expansion in the FE-model
may not be relevant and/or comparable to the corresponding experimental data because
viscoelastic and dynamics effects occurred in experiments in this time window. Instead, the
parameter of interest here is F, which is at steady state in experiment and which corresponds to
that of the static FE-model (Figure 8b). Figure 8c compares the FE prediction of F, with
experiments. The solid red line is a best fit of simulated FE data points (in red circular markers).

The FE—model calculations using the identified foam parameters match experiments (in blue
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circular markers) reasonably, especially for large values of ro. The discrepancies between FE
results and mean experimental values (the round blue marker on Figure 8c) are 40%, 5.4% to 7.3%
for 2r,=7, 8.5 and 10 mm respectively. Those large discrepancies between FE-model and
experiments for small 2r, = 7 mm (r, /a=0.54) could be attributed to the presence of friction in
experiments which is not accounted for in the simulations. This friction is also ignored in the radial
force measured with Blockwise experimental setup [62]. Possible variation in the intrinsic earplug
properties resulting from variations of manufacturing conditions, together with the effects of hand
precompression, may have contributed to those errors, despite best efforts in ensuring repeatable
precompression. In addition, during compression, the earplug surface may wrinkle so that the outer
surface does not remain perfectly cylindrical (Figure 8a reveals some wrinkles). Differences in
temperature and humidity levels between the calibrating setup shown on Figure 6a and that of the

validation on Figure 8a may also contribute to the error.

The second validation of the RD-foam earplug of foam properties is accomplished by developing
two additional FE-models that simulate the static-fransverse and -uniaxial compression of RD-
foam earplugs reported by Berger [36] (Supplementary materials 4, Figure S4b and c). In Berger’s
experiment, earplugs with dimensions 28=13.7 mm and L=20 mm [64] were allowed to expand
between two plates in uniaxial and transverse directions at 60% of height and diameter respectively

or, in other words, at stretches of A, = 4, = 0.6, where subscripts T and U denote transverse and

uniaxial respectively.

Using the foam paramieters identified in section 4, we compute Fr using the FE model which is
plotted as a function of stretch during compression in the left panel of Figure 9a (red solid line).

The corresponding field displacement is shown for two stretches: 4, =1 (initial state) and A =0.45

in the right panel. Similarly, the compression force Fu is shown along with its corresponding

displacement field uy for 4; =1 and 2, =0.2 (Figure 9b). The results of Berger [36] are indicated in

both plots as blue filled circular markers. To the right of those plots, the bar plot compares
individual values of Berger’s with FE-model prediction. For the transverse direction, which is the
direction of interest for our application, the error is around ~2.5%, whereas along the uniaxial
direction it is up to ~90%, which suggests that Berger’s earplug may be anisotropic. However, the
found hyperelastic properties (@=11.4 kPa, @=8.57 and [(=0.08) are capable of capturing the

response along the direction of interest (i.e. along the radial directions and to large extent the
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transverse one). Recall that our preliminary longitudinal compression of the earplug (see
supplementary material 6) leads to a shear modulus of g = 17.5 kPa, that is 1.5 times higher than
that along radial direction which suggests that those earplugs may actually be anisotropic.

Anisotropy may have resulted from the cutting process of foam into cylinders and/or the presence

of crusts on the boundaries of the earplug.
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Figure 9: Comparison of the FE predictions with experiments from Ref.[36] for transverse and uniaxial quasi-static
compression. (a) Transverse force and (b) corresponding normalized displacement field uy/2a (c) Compression force

and (d) corresponding normalized displacement field u,/H.

6. Hyperelastic properties of skin

In this section, we focus on the assessment of skin hyperelastic mechanical properties based on
Tran et al ’s [39] work. These authors performed indentation experiments on actual forearm via a
cylindrical indenter. They estimated the hyperelastic properties of the skin based on a Neo-

Hookean model through FE modeling of the three skin layers (epidermis, dermis, and hypodermis)
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including the relatively soft muscle tissue. Therefore, in this paper we use those experimental data
to determine the hyperelastic properties of earcanal skin assuming a simplified homogenous
hyperelastic elastic block that is representative of skin (Figure 10a). The simulation dimension and
the hyperelastic block match the indented forearm section of the experiments [39]. As such, our
analysis assumes forearm skin as a representation of skin in earcanal. This assumption is
reasonable in view of the similarity between forearm skin and earcanal ones [65]. The FE model
simulates the actual experimental procedure for indentation with an indenter of radius to
characteristic skin and forearm size ratio R/b=0.07 (R=2.64 mm, b=40 mm) (Figure 10a). We
model this single layer using a Neo-Hookean model [66] with two hyperelastic properties: 2C;
(equivalent to shear modulus) and K (bulk modulus). The indenter represented by the circular

domain at the top is subjected to a downward displacement of —0.2b:

u,(b/2+R)=-0.2b at indenter’s center (8a)

The bottom of the skin layer is fixed:

U (-b/2)=0

u,(-b/2)=0 (80)

All remaining surfaces are free (i.¢. traction t =0). This boundary value problem is solved using
COMSOL Multiphysics [67]. During indentation, we calculate the reaction force F at the indenter
(Figure 10a). Mesh is refined until F and field results (stresses and displacements) are mesh-
independent. Figure 10a at the bottom (at y= —b/2) shows the vertical normalized displacement
field uy/b after indentation. The top surface of the skin (y=+b/2), takes a pitting curved shape upon
indentation which is due to the soft hyperelastic response of the skin. During indentation, the FE-
model can now generate a force displacement curves F—u for any C; and K values. To identify C,

and K , an objective function (or cost function) f (C,, K) measuring the overall residual error

between the experiments of Tran et al [39] and our computed reaction force obtained for 6 different

indentation displacement is defined as:

2

F(CLK) =X (Fap(U) ~ Fre(u0)) )
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Equation (9) is minimized using a brute force optimization procedure. In Eq. (9), F., (U,) is the

Xp
experimental reaction force at an indentation displacement U,, while F..(u,) is the reaction force
computed using the FE-model. The material parameters were varied with stepping increment of

5000 Pa in the ranges C, = [500,2x105:| Pa and K = [5><104,8x106:| Pa, which we used to map

the entire material, space of f(C,,K) within said bounds.

Figure 10b shows f(C,,K) map plotted in 2D space. The dark blue region indicates probable
location of the minimum. To pinpoint that minimum, we use Nelder-Mead Simplex Method [50].
The optimization algorithm leads to C, = 36 kPa and K=1.14 MPa, where both values are within
the range of previously mentioned literature data [39]. Using those hyperelastic parameters, the
reaction force as a function of the indenter displacement is recalculated using FE-model. A good
match between FE results and experiments [39] is obtained (Figure 10c). The values of f(C,,K)
in the 2D design space shows relative insensitivity to changes in K, particularly in the vicinity of

the minimum point. It is therefore reasonable to assume an incompressible model (i.e. J=1) for

skin (Supplementary materials 1, Eq. (S1)).
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Figure 10: The three layers of skin: epidermis, dermis and subcutaneous are modeled as a single layer. (a) Meshed
finite element model (FE-model) with boundary conditions representing a cylindrical indenter indenting a single layer
of skin (top), the resulting normalized displacement field u,/b contours (bottom). (b) log-log plot of objective function
contour as function of K and C;, with the minimum point (C1=36 kPa, K=1.14 MPa) is denoted by a filled white

circular marker. (c) Comparison of experiments of Tran et al [39] with FE simulations.

7. Pressure in a more realistic axisymmetric earcanal

In this section, we present FE simulations that account for actual curvatures of earcanal. To do so,
we obtained a full 3D geometric model constructed from high-resolution MRI images based of a
healthy human subject (a volunteer male participant of 29 year of age [38,51]) without any known
hearing impairment or earcanal abnormalities. Figure 1a shows the CAD model constructed from

those MRI images. This 3D model consists of the earcanal surface topology, part of the pinna as
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well as the surrounding tissues (bone, cartilage and fats). We isolated the earcanal surface from
the rest of the parts, which we converted it to its respective point cloud. Using this point cloud, we
can either construct an axisymmetric representation (Figure 1¢) of the earcanal surface or a realistic
3D model of earcanal (Figure 1d). The point cloud of the earcanal internal surface can be sliced
into a set of representative cross sections made of circles and the locus of their centroids correspond
to a curvilinear axis (dotted axis on Figure 1d). This curvilinear axis can be “unwrapped” along its
arc length into a straight axis of symmetry to form an axisymmetric model. Earcanal entrance and
eardrum act as references for marking the beginning and the end of the geometry respectively. The

following subsections present FE modeling of axisymmetric and 3D earcanal model respectively.

7.1. Axisymmetric model. In this section, we predict the pressure induced by earplugs using the
analytical model and FE model in the case where the RD-foam carplug is inserted in a more
realistically shaped earcanal. We aimed first to build an axisymmetric model with varying cross-
section areas along the earcanal axis. The FE-model 1s similar to that of the cylindrical earcanal
namely identical boundary conditions and frictionless contact interaction but it differs by the
profile (radius as a function of z). This profile is obtained from the 3D geometry by considering
circular cross-sections of equivalent areas to the actual ones. The associated curved profile is
shown in Figure 11a, where skin free surfaces are indicated in grey line while in-contact boundary

is indicated in black.

The analytical model presented in section 3 is not limited to a constant r,. Indeed, by substituting
the varying ro(z) of this curved profile, or of any axisymmetric representation of earcanal in Eq. (5),

we may have an estimate of the radial pressure at earcanal walls P, (z) that is now a function of z:

R(z2)_ 2 (@J‘zﬂ _(Lz)jzﬁﬂﬂlj (10)

a a
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Figure 11: (a) Coordinates of the curved earcanal profile r,(z); (b) Radial stress field obtained from FE axisymmetric
model and (¢) earplug-induced pressure along the curved earcanal walls from FE-model (in red) and analytical models

(in black).

o
Figure 11b shows the normalized radial stresses”—— (Cauchy stresses) inside the earplug, skin
y7i
layer and the hard substrate part of the FE-model for the calibrated foam and skin
parameters: p=11.4 kPa, &=8.57, p=0.08 and 2C;=72 kPa which gives %20.158. Unlike
1
cylindrical earcanal, the stresses inside the earplug and at the interface between earplug and
earcanal walls (at the skin) vary with both with r and z coordinates. Normalized stresses orr and
P, along the earcanal wall computed using the FE-model are displayed on Figure 11c. Contact free
surfaces of skin exhibit zero pressure, whereas the middle section: 11 <z <30 mm, is subjected
to compression from the earplug and therefore shows finite variation in pressure P,. The FE
simulation interestingly reveals a variation in pressure consistent with variations in r,. Narrower
(small r,) sections result in higher local magnitudes of pressure P(r,) and vice versa (recall P,
trend with r, of Figure 5a). The resulting radial stress calculated using Eq. (10) is also plotted in
Figure 11c. The analytical and the FE-models agree quite well. Based on this FE prediction, the

RD-foam earplug subjects this earcanal to a varying pressure in the range of P,=5-31 kPa.
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7.2 Pressure in a 3D earcanal

In this section, we simulate the expansion of a RD foam earplug inside the 3D earcanal geometry.
The 3D point cloud of the internal earcanal surface was meshed, patched and thickened by s=1
mm, which forms a skin layer (Figure 12a). Similar to previous section, the skin is modeled using
the Neo-Hookean model with the set of representative properties found in section 4 and 5. In
contrast, for simplicity and for computational efficiency, this thickened skin layer is not backed by
a hard substrate. Instead, we simulate two extreme cases where the earcanal skin layer is backed
by rigid materials or by an extremely compliant one. Those extreme cases are achieved by applying
fixed boundary conditions or traction free surfaces on the outer boundary of the skin layer
(Supplementary materials 5, Figure S5). The earplug is compressed to a diameter of 5 mm and
inserted inside the earcanal cavity. The earplug is made parallel with y—x plane (see front view on
Figure 12b) and its longitudinal axis is tilted by an angle of &=18.8° with respect to the horizontal
axis (X-axis) and its frontal center is 16.1 mm far from that of the eardrum (Figure 12a). The earplug
is inserted such that that its position lies between the first and second bend, which is a typical

position for a RD earplug [38].

(a)

Side View:

Earcanal

Figure 12: Actual earcanal geometry showing the relative position of the compressed earplug inside the earcanal in

(a) Side view and (b) front view.
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Figure 13a shows the pressure contour at the internal surface of the earcanal. Interestingly, the
earplug takes the shape of the earcanal and the region of highest pressures stretching along the first
and second bend ranges between 13—18.2 kPa. Figure 13b zooms on the earcanal regions of
entrance, highlighting the high stress points and compares the pressure magnitudes of simulations

(bare plots in red) with the estimates of the analytical model (bar plots in grey).

The highest stress points occur at radiuses relative to deformed longitudinal axis of the earplug of
ro=3.49, 3.26 and 4.75 mm, with pressure magnitudes of Po= 18.2, 17.9 and 13 kPa respectively.
At those radiuses, the analytical estimates pressures of 18.5, 9.8 and 6.7 kPa, respectively.
Unexpectedly, the highest stress did not occur exactly at the minimum radius that is re=3.0 mm,
but is still in the vicinity of the high stress region. That is the region confined between the first and
second bend where the earplug is pinched and twisted. The discrepancy between analytical and 3D
FE-model arises because axisymmetric conditions are not applicable anymore for the tortuous
earcanal. Indeed, other stresses such as shear, bending and torsional stresses emerge. As such, high
fidelity 3D models is essential for obtaining accurate predictions of pressure. The earcanal surface
and earplug did not undergo displacement because of the prescribed fixed condition around the
skin. The pressure displayed here are therefore considered as the upper pressure limit of what can
be obtained for such an earplug (inserted in such an earcanal) because of this rigid confinement of

the earcanal.
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Figure 13: Pressure contour under rigid confinement at (a) earcanal surface and (b) highest pressure values and their

comparison with analytical model estimates; (c) Pressure contour under unconfined conditions and its corresponding

(d) displacement contour plot.
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Since in reality, the cartilaginous part of the earcanal is surrounded by fatty and cartilage materials,
we relaxed the boundary conditions at the outer surface of the earcanal by allowing those
surrounding materials to deform freely (Supplementary materials 5, Figure S5b). This simulation
serves as the other extreme where the earcanal is free to expand with the earplug, during which the
dominant resistance is tensile forces from the thin skin layer. Figures 13c, d show the pressure
contour developed on the interface surface of the earcanal along with its corresponding
displacement field. The pressure roughly takes a similar spatial distribution as the previous case
with a lower pressure range between 5-6 kPa. High stresses are developed at the sharp edge, which
are ignored. In contrast to the previous case, the earcanal mostly takes the cylindrical shape of the
earplug. Between the first and second bend, actual earcanal radius varies between 2.9-3.77 mm
and the earplug (with radius a=6.5) is thus compressed in the range of 2—3.6 mm. Because of the
absence of constraint on the outer surfaces of the skin layer, the earplug has therefore recovered

more than 72% of its initial radius.

These two extreme cases indicate that the pressure limits are between 5 and 18.2 kPa. A previous
study predicted a range of 10-60 kPa (discomforting earplugs) and 3-12 kPa (comfortable earplugs)
[32]. In their work [32], they did not report their geometric dimensions of analyzed earcanal, which
prevented one-to-one comparison. Additionally, they idealized the hyperelastic skin and earplug

with linear elastic constitutive laws.

The threshold of comfort has not reached consensus [4]. Several works suggested that comfort is
compromised when the pressure exceeds one of these limits: 9kPa [68], or SkPa [69]. Clearly,
these ranges are quite spread-out, based on those thresholds, our pressure calculation may tend to
fall under the uncomfortable side (in terms of the physical comfort). The maximum pressure on
Figure 13 was however localized between the first and second bend. While knowing that RD
earplugs are among the least uncomfortable earplugs in terms of mechanical pressure, it may
therefore be safe to speculate that the relative size of earcanal surface area that is engaged in contact
affects the perception of comfort keeping in mind that other factors such as the sensitivity map of

skin play also a role.
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8. Conclusions

In this work, we developed several analytical and computational models to predict the pressure
induced by rolled-down (RD) foam earplugs on the internal earcanal wall. We have started our
analysis by considering a simplified cylindrical model of earcanal. We use finite element method
to simulate the quasi-static radial compression of RD earplugs in this idealized earcanal and predict
the resulting static mechanical pressure P, induced on earcanal walls. The model adopted
hyperelastic constitutive laws for earplugs and skin. We use this simplified model for examining

the effect of the relative ratio of hyperelastic shear modulus of earplug () to earcanal skin (2C):

#_ on P, and accordingly determine the applicability of assuming a rigid skin surface (L =0

1 1
). Assuming rigid earcanal skin allows the formulation of a simiple analytical model that predicts

the pressure P, as a function of earplug and earcanal radius ro, but excludes the skin properties.

We found that when the relative softness of earplig foam to earcanal skin ratio is H 7

1
, the properties of the skin becomes important because the earplug may induce nonneglibgible

deformations. Otherwise, the rigid skin assumption which is applicable for a large range of

0< H oo 7, which leads to the analytical model of the form:

1

a-2 o 1428
F(2) __2 (Mj _(Mj L e J , that can readily predict the pressure induced by
u a a a

earplugs for any axisyminetric earcanal profiles ro(2).

To achieve representative predictions using either computational or analytical models, we
estimated the hyperelastic properties of the skin and RD-foam earplug using an inverse approach
via simulations and experiments of forearm skin indentation and radial compression tests of
earplugs. The characterization of skin properties reveals that we may simplify the skin as a single
hyperelastic layer described by incompressible Neo-Hookean model with single parameter:

C, =36 kPa. For foam, we have utilized J-Crimp stent testing rig to calibrate the hyperelastic

parameters of the RD-foam, which are: z=11.4 kPa, =8.57 and (3=0.08. Those parameters where

then used in the FE simulations of two other different experimental setups involving transverse
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and uniaxial quasi-static compression. Comparisons between the simulation and experimental
results show reasonable match between experiments and numerical results and thereby validate
the proposed parameters along transverse direction and which indicate possible anisotropy in the

mechanical response of the studied earplug.

Upon validation of RD-foam and skin properties, we develop two more realistic FE-models,
namely; a curved axisymmetric model of earcanal and a 3D earcanal model of the earcanal skin.
Both models have earcanal geometry that is reconstructed from actual MRI images of a healthy
human participant. The axisymmetric model revealed that the pressure P, is a function of earcanal
radius r(z) that varies along its axisymmetric z-axis with pressure range between 5-31 kPa. The
3D earcanal model revealed that the pressure on earcanal using RD-foam earplug range between

5-18.2 kPa depending on the hardness of the skin and tissue surrounding the earcanal.

Despite the insensitivity of the pressure Po to properties of skin for the most part of the

range between; 0 < H 7 , future work can consider a refinement of the properties of skin using

1

indentation of earcanal skin experiments instead of a forearm, especially for stiffer earplugs. That

is expected to lead to a more representative ratio _#_ Which excludes nonpresent materials near

1
earcanal like the muscles tissue in forearms. Additionally, a realistic representation of the tissues

surrounding the earcanal may be nceded for simulating the full 3D earcanal model.

In addition, our assumption of minimal Poisson’s effect for the earplug f= 0.08 is
reasonable to capture the pressure induced by earplugs. However this value could be calibrated to
better account for the kinematics of the earplugs and capture bulging effects which occur during
the radial-Crimp compression and which are affected by friction between earplug and crimp teeth.
Those RD-earplugs are sensitive to the amount of precompression, as we have observed
qualitatively that with more compression the final static pressure gets lower. This behavior can be
attributed to damage incurred during the precompression. Therefore, ad-hoc compression by hand
may lead to variations across experimental tests. Systematic precompression via crimps may be

employed in future works to exercise better control over the precompression process.

The maximum pressure prediction of the varying cross section area axisymmetric model

(Figure 11) overestimates the pressure by a factor of 1.34 that of 3D earcanal model (Figure 13a).
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This difference mainly emerges because axisymmetric condition is not applicable for actual
earcanal geometry. These axisymmetric models can however still be used to compare different
earplugs and to assess the effect of changing material and basic geometric parameters. One major
advantage of those models is that they are handy and can be corrected to achieve representative
values obtained from the computationally expensive 3D simulations or actual experiments. Finally,
this work provides first steps in developing an objective physical comfort-index specific to

earcanal.

This work have adopted a deterministic approach to finding the material parameters.
However, it would be worth adopting Bayesian inferences (BI) accounting for the experimental
variability in future works, where we identify systematically a range and distribution of the
hyperelastic material parameters of the foam [70,71]. Besides, since our 3D simulations are
computationally expensive, surrogate models based for example on neural networks could
potentially provide a rapid modeling alternative [72,73]. In addition a goal oriented mesh

refinement could be utilized for minimizing discretization error for a user-defined quantity [74].
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