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Abstract
An essential criterion for the overall performance of hearing aids is a
reliable fit of the earmoulds in the ear canal, thereby ensuring wearing
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Henrik Mallwitz2comfort and patient safety. Insufficient adhesion may lead to acoustic
Steffen Kreikemeier2leakage and even unintended loss of the device, particularly under the
Joachim Albrecht1influence of jaw movements and biological secretions such as sweat

and cerumen. Additivemanufacturing enables the fabrication of polymer
earmould surfaces with tailored microtopographies that improve fric-
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Sciences, Aalen, GermanyIn this work, we present an approach to characterise the behaviour of
additively manufactured, microstructured polymer surfaces against a
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silicone cylindermimicking the surface of the human ear canal by using
an oscillatory tribometer. The method reproduces the transition from Applied Sciences, Aalen,

Germanystatic to dynamic friction under oscillatory motion that mimics jaw
movement during everyday use. A 3D-printed, microstructured spherical
counter body is pressed against the silicone cylinder with a constant
normal force. The oscillation amplitude is increased stepwise. From the
curves of the friction coefficient, we determine the cross-over from ad-
hesion-dominated to sliding-dominated states.
At small distances of the oscillating strokes, static friction is dominant.
Beyond a certain value of the stroke, characteristic drops and fluctu-
ations appear in the friction coefficient, corresponding to the onset of
relativemotion. By analysing the stroke-dependent coefficient of friction,
we define a critical stroke as the intersection point of two linear fits
describing different regimes. This critical stroke represents the threshold
at which the contact changes from a securely adhering to a failing state.
The proposed analysis offers a systematic way to compare the adhesion
performance of different additively manufactured earmould surfaces.
The results provide design guidelines for optimised surface structuring
to achievemaximal adhesion while avoiding premature onset of sliding,
thereby contributing to more reliable and patient-specific earmoulds.
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Zusammenfassung
Ein zentrales Kriterium für die Gesamtleistung von Hörgeräten ist der
zuverlässige Sitz der Otoplastiken im Gehörgang, um Tragekomfort und
Funktionalität sicherzustellen. Eine unzureichende Haftung kann zu
akustischen Leckagen und im Extremfall zum unbeabsichtigten Verlust
des Geräts führen, insbesondere unter dem Einfluss von Kieferbewe-
gungen, diemit einer Verformung des Gehörgangs einhergehen. Additive
Fertigungsverfahren ermöglichen die Herstellung von Otoplastikober-
flächen aus Polymeren mit maßgeschneiderten Mikrotopografien, die
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die reibungsbedingte Haftung im Gehörgang erhöhen. Dadurch lässt
sich das Risiko eines unbeabsichtigten Verlusts der Otoplastik durch
Herausfallen reduzieren.
In dieser Arbeit stellen wir einen Ansatz zur Charakterisierung des Ad-
häsionsverhaltens additiv gefertigter, mikrostrukturierter Polymerober-
flächen gegenüber einem Modell der Oberfläche des menschlichen
Gehörgangs vor. DasModell wird durch einen Elastomerzylinder realisiert
und mithilfe eines Oszillationstribometers untersucht. Die Methode
bildet den Übergang von Haft- zu Gleitreibung durch eine oszillierende
Auslenkung nach, wie sie im Alltag durch kaubedingte Kieferbewegungen
hervorgerufen wird. Dazu wird ein 3D-gedruckter, mikrostrukturierter
kugelförmiger Gegenkörper mit konstanter Normalkraft auf einen
Elastomerzylinder gepresst, dessen Auslenkung schrittweise erhöht
wird. Aus den zeitabhängigen Kurven des Reibungskoeffizienten wird
anschließend der Übergang vom haftenden in den gleitenden Zustand
bestimmt.
Bei geringen Auslenkungen dominiert die Haftreibung. Überschreitet
die Auslenkung einen bestimmten Wert, ändert sich der Verlauf des
Reibungskoeffizienten, was dem Einsetzen einer relativen Bewegung
entspricht. Auf Basis der Analyse des Reibungskoeffizientenverlaufs
definieren wir eine kritische Auslenkung als Schnittpunkt zweier linearer
Ausgleichsgeraden, die den Übergang von Haften zu Gleiten beschrei-
ben. Diese kritische Auslenkung markiert die Schwelle, an der der
Kontakt von einem stabil haftenden in einen versagenden Zustand
übergeht.
Die Ergebnisse liefern Gestaltungsempfehlungen für eine optimierte
Oberflächenstrukturierung, um eine möglichst hohe Haftwirkung zu er-
zielen und zugleich ein vorzeitiges Einsetzen des Gleitens zu vermeiden.
Auf dieseWeise wird zur Entwicklung zuverlässiger und patientenspezi-
fischer Otoplastiken beigetragen.

Schlüsselwörter: Otoplastik, additive Fertigung, Tribologie, Haftung,
Mikrotopographie, Audiologie

1 Introduction
Conventional earmoulds are typicallymanufactured from
silicone or acrylates with relatively smooth surfaces [1],
[2]. While such surfaces can provide acceptable wearing
comfort, their retention in the ear canal might be limited,
particularly undermoist conditions. Additivemanufactur-
ing offers new possibilities to deliberately tailor themicro-
scale surface topography and material combinations in
order to enhance the reliability of hearing instruments
and improve the customer’s satisfaction [3]. By intro-
ducing controlled microstructures, it may be possible to
increase friction and thereby improve adhesion in the ear
canal, whilemaintaining or even enhancing the perceived
wearing comfort.
Earmoulds and in-ear devices must maintain a secure
and comfortable fit in the ear canal over extended periods
of time. A stable fit is crucial for the acoustic properties,
wearing comfort, and perceived quality of hearing systems
[4], [5]. At the same time, the ear canal represents a
challenging environment, as it is compliant and subject
to dynamic deformations caused by jawmovements such
as chewing and speaking.

A key objective is the quantitative characterization of the
surface contact under loading conditions that realistically
reflect everyday use. Consequently, an experimental ap-
proach is required that reproduces the cyclic relative
motion between the earmould and the ear canal tissue.
In the present study, this cyclic relativemotion ismodelled
using oscillatory tribology. Particular emphasis is placed
on the transition from static to kinetic friction under
stepwise increasing stroke at constant normal force. This
allows the determination of a critical stroke that marks
the transition of the bi-stable system from an adhesion-
dominated to a sliding-dominated regime. This transition
corresponds to a change from a functionally secure fit of
the earmould to the onset of failure under relative motion
that ultimately leads to the earmould falling out of the
ear canal.
To achieve this, a tribological test system is set up that
enables a systematic comparison of the adhesion
provided by different microstructures on additively man-
ufactured earmould surfaces using a surrogate ear canal
model. Based on themeasured coefficient of friction, the
stroke associated with loss of adhesion is then derived
and used as a quantitative measure of earmould adhe-
sion.
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Figure 1: Experimental system used to replicate the contact between the earmould and the ear. (a) Unstructured specimen with
a structure height of 20 µm; (b) specimen with a fine surface structure height of 150 µm; (c) specimen with a coarse surface

structure height of 300 µm; (d) Silicone cylinder with a hardness of 43 Shore A

2 Methodology
One of the main challenges was to translate a process
occurring in vivo into a controllable laboratory experiment.
The procedure developed to achieve this is described in
detail in the following methods section.
Two key requirements had to be met to transfer the con-
tact interface between the earmould and the ear into an
experimentally accessible laboratory model. First, a suit-
able surrogate material for the ear canal surface had to
be identified. Second, a method was required that en-
abled different earmould surface topographies to be im-
plemented in the test setup in order to systematically
modulate the frictional behaviour.

2.1 Experimental setup

The models for both, the earmould and the ear canal
tissue are shown in Figure 1. As a model for an additively
manufactured earmould, a test specimen was produced
by 3D printing. The geometry of the specimen consists
of a cylinder with a hemispherical cap. The surface was
additionally equipped with microstructures exhibiting
different stochastic roughness levels. An unstructured
specimenwith a base surface topography height of 20 µm
resulting from the printing process was used as a refer-
ence. The specimen with a surface structure height of
150 µm was used as a fine-structured specimen while
the coarse-structured specimen exhibited a structure
height of 300 µm.
These structures were generated on the virtual model of
the specimen using the open-source 3D software Blender
(version 4.3.2 by the non-profit Blender Foundation) be-
fore the specimen was fabricated via stereolithography
(SLA) on an Asiga Pro2 printer. As build material, a com-
mercially available methacrylate-based resin (audioprint
GR-1 by pro3dure medical GmbH, Iserlohn, Germany)
specifically designed for the production of hard earmoulds
and in-ear shells was used. The spherical geometry en-
ables a localized contact with the planar surface of the
silicone cylinder.
The specimens were printed with a layer height of
0.05 mm and the subsequent post-processing consisted
of 15 min of cleaning in an isopropanol bath, followed by
30 min of UV curing at a temperature of 60°C.
The surface of the ear canal was modelled using an
elastic silicone cylinder with a hardness of 43 Shore A in
order to approximate the mechanical properties of the

human ear canal tissue, following the general approach
of selecting surrogatematerials based on Shore hardness
for soft biological tissues [6]. The chosen geometry
provides a reproducible contact area for the tribological
investigations. The silicone cylinders were manufactured
using a 3D-printed injection mould.

2.2 Tribology

The tribological measurements were carried out using an
Easy Tribology Screener (ETS) oscillation tribometer by
Optimol. The schematic experimental setup is shown in
Figure 2. The silicone cylinder was brought into contact
with the fixed test specimen under a constant normal
load, while the elastomeric cylinder underneath was
subjected to an oscillatory motion.

Figure 2: Schematic experimental setup. The friction force
occurs opposite to the direction of the oscillatory stroking

motion of the silicone cylinder.

The normal force was set to 1 N in order to reproduce
realistic in-ear conditions. This value was identified as a
typical parameter for measuring friction on human skin
[7], [8]. The oscillation frequency was fixed at 1 Hz, cor-
responding to a typical chewing frequency [9]. The stroke
amplitude, which represents the key varying parameter
in this experiment, was chosen with reference to charac-
teristic deformations of the ear canal region induced by
jawmotion, as jawmotion is known to induce substantial
geometric changes of the cartilaginous ear canal [10].
The stroke amplitude was increased stepwise from an
initial value of 0.25 mm in increments of 0.25 mm up to
a final value of 3 mm [11]. Each stroke setting was held
for 180 s. All experiments were conducted at an ambient
temperature of 37°C to approximate body temperature
[12], [13]. Throughout themeasurements, both the lateral
force and the normal force were continuously recorded,
enabling to calculate the coefficient of friction over time.
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Figure 3: Results of the tribological measurement: coefficient of friction and stroke as a function of time

Figure 4: Temporal evolution of the coefficient of friction showing a two-phase behaviour as the two regimes are divided by the
point of interest at the critical stroke. The initial phase with stepwise increase and plateau formation up to a critical stroke of

2.0 mm, followed by a second phase with decreasing friction despite further increase of the stroke.

3 Measurement and analysis
Commonly, the coefficient of friction describes the ratio
of friction force to normal force between two bodies in
relative motion. In the present setup, however, a compli-
ant medium is used that deforms elastically. Con-
sequently, the measured coefficient of friction is inter-
preted as ameasure of the tribological system’s response
to the external excitation.
Figure 3 illustrates a representative example of the tri-
bological measurements, showing both the coefficient of
friction and the stroke as a function of time in a line plot.
The stroke, shown as a grey line, increases stepwise from
0.25 mm to 3.0 mm over the course of the experiment.
In parallel, the coefficient of friction, shown as a black
line, exhibits a time-dependent evolution that reflects the
individual stroke intervals. The coefficient of friction ini-
tially increases and reaches a globalmaximumat a stroke
of 2.0 mm, within the time interval between 1,260 s and
1,440 s. Beyond this point, the coefficient of friction de-
creases again with further increasing stroke.

The evolution of the coefficient of friction over time can
be divided into two phases as shown in Figure 4. The first
phase extends from the start of the experiment up to
1,260 s and thus comprises the first seven intervals,
during which the stroke is gradually increased. This phase
is characterized by a stepwise rise of the coefficient of
friction from 0.25 to 0.6, with each interval of 180 s ex-
hibiting a plateau. Subsequently, between 540 s and
1,440 s, corresponding to the next four intervals, the
curve transitions to a pattern with local maxima occurring
at the beginning of each interval in which the stroke is
increased. At the same time, the plateaus no longer re-
main flat but display distinct drops and irregularities.
The second phase begins at 1,260 s and is characterized
by the absence of the continued increase observed in
the first phase; instead, the coefficient of friction de-
creases incrementally with each subsequent time interval.
The transition between the first and second regime occurs
at a stroke of 2.0 mm and indicates that the tribological
system no longer responds to the external excitation in-
duced by further increasing the stroke from 2.0 mm to
3.0 mm. This critical stroke marks the phase transition,
which will be examined in more detail below.
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Figure 5: Comparison of the differently structured counter bodies. The cross indicates the critical stroke corresponding to the
onset of failure. The yellow area marks the average range of motion induced by jaw movement.

4 Results
The influence of different surface structures is presented
in Figure 5. The line plot shows the coefficient of friction
over time for three different surface structures. Each
specimen produces a distinctive friction curve. As the
surface roughness increases, the friction curves shift to
higher values.
Each curve displays a two-phase pattern. Initially, the
coefficient of friction increases in a stepwise fashion and
subsequently transitions into a regime where the curve
no longer shows discrete steps but instead follows amore
nearly linear trend. These transitions occur at different
times, and thus at different stroke amplitudes. The critical
stroke at which a further increase of the stroke no longer
produces a stepwise increase in the coefficient of friction
is marked by a cross for each curve and increases with
increasing surface roughness.
For the unstructured specimen, the critical stroke is
reached after 360 s. For the structured specimens, the
critical stroke occurs at 540 s for the finely structured
surface and at 1360 s for the coarsely structured surface.
The corresponding coefficient of friction at the onset of
the critical stroke increases as well, from 0.39 for the
unstructured specimen to 0.7 for the fine structure and
1.2 for the coarse structure.
The yellow area marks the average range of effective
deformation of the ear canal that is induced by jaw
movement. Evidently, the critical stroke of the unstruc-
tured specimen lies within this effective motion range. In
contrast, by introducing surface structures, the critical
stroke can be shifted beyond the interval covered by
typical jaw movement. Therefore, increasing the proper-
ties of adhesion and reducing the risk of an unintended
loss of the hearing aid by falling out.

5 Conclusion and outlook
A complex in-ear situation was successfully transformed
into a controlled and quantifiable laboratory experiment.
We have introduced an oscillatory tribometry method to

characterize the adhesion behaviour of additively manu-
factured earmould surfaces against a silicone analogue
of the ear canal. By monitoring the coefficient of friction
under stepwise increases of the oscillating stroke at
constant normal force, a critical stroke could be identified
that marks the transition from an adhesion-dominated,
secure contact to a sliding-dominated, failing state.
This critical stroke provides a quantitative and functionally
meaningful metric for comparing different surface topo-
graphies. Surfaces with higher critical stroke values can
tolerate larger jaw-induced motions before transitioning
into the sliding regime.
Moreover, this approach is well suited to investigating
the influence of sweat and cerumen. By introducing con-
trolled amounts of artificial sweat or cerumen-like con-
taminants into the contact area, it is possible to assess
how the critical stroke changes under more realistic
conditions.
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