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A B S T R A C T

A cochlear implant is an electronic device implanted into the cochlea to directly stimulate the auditory nerve.
Such device is used in patients with severe-to-profound hearing loss. The cochlear implant surgery is safe, but
involves some risks, such as infections, device malfunction or damage of the facial nerve and it can result
on a poor hearing outcome, due to the destruction of any present residual hearing. Future improvements in
cochlear implant surgery will necessarily involve the decrease of the intra-cochlear damage. Several implant
related variables, such as materials, geometrical design, processor and surgical techniques can be optimized in
order for the patients to partially recover their hearing capacities The straight electrode is a type of cochlear
implant that many authors indicate as being the less traumatic.

From the finite element analysis conducted in this work, the influence of the insertion speed, the
friction coefficient between the cochlear wall and the electrode array, and several configurations of the
cochlear implant tip were studied. The numerical simulations of the implantation showed the same pattern
of the insertion force against insertion depth, thus indicating the different phases of the insertion. Results
demonstrated that lower insertion speeds, friction coefficients and tip stiffness, led to a reduction on the
contact pressures and insertion force. It is expected that these improved configurations will allow to preserve
the residual hearing while reducing surgical complications.
1. Introduction

Hearing and balance are the crucial functions of the inner ear which
allow the perception and discrimination of sounds and accelerations.
The cochlea and the semicircular canals, which form the inner ear,
are located within the petrous part of the temporal bone, being posi-
tioned according to Fig. 1a. There are many environmental factors that
can damage the hair cells within the inner ear, thus causing hearing
loss (Kountakis, 2013; Eshraghi et al., 2012; Korver et al., 2017).
Currently, congenital hearing loss affects between 1–3 per 1000 live
births, according to Allen and Goldman (2020).

Cochlear implant surgery is an effective treatment indicated for
deafness and severe hearing loss. A cochlear implant (Fig. 1b) consists
in an external part and an internal part. As refereed by Kha and Chen
(2012) and Stover and Lenarz (2009), the electrode array (internal part)
is usually made with platinum wires, allowing for a good resistance
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to corrosion, embedded in a silicon elastomer, which provide a good
malleability during the insertion process.

Cochlear implants are divided in perimodiolar and straight. Each
cochlear implant type has its advantages and disadvantages, and each
of them is better suitable for a certain type of pathology and condi-
tion of the cochlea. As mentioned by Gibson and Boyd (2016), the
slim straight electrode implant demonstrates useful preservation of
residual hearing. On the other hand, in the work of Eshraghi et al.
(2003), the straight electrodes may present an equal or even a greater
risk of damage when compared with the perimodiolar implant. Thus,
depending of the perspective (damage, preservation, risk), different
conclusions can be obtained. Such discrepancies can be explained by
the experience of the surgeon and by the surgical techniques utilized.
Overall, damage is expected in the lateral wall due to the insertion of
the straight electrode (Risi, 2018). The insertion of a cochlear implant
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Fig. 1. (a) Position and orientation of the inner ear, (b) Illustration of the cochlear implant position with external and internal part, adapted from Kral (2013).
𝑢

is performed through the scala tympani, and there are currently three
surgical approaches in use: the cochleostomy technique, the round
window technique and the enlarged round window technique (Khater
and El-Anwar, 2017; Richard et al., 2012).

Several works in the literature, report that higher insertion speeds
cause significant increase of the insertion forces (Kontorinis et al.,
2011; Rajan et al., 2013; Aebischer et al., 2021). However, the contact
pressure between the cochlear wall and the electrode array is not easy
to experimentally measure, and numerical models should be developed
in order to increase the knowledge of the complications related with
the cochlear implant surgery. In relation to the friction, its increasing
generally increases the insertion forces as shown by Goury et al. (2016).
Also, the study of Dohr et al. (2021) reveals a non-linear increase in
electrode array friction, when insertion speed raises, thus showing a
relationship between the insertion speed and the friction.

Current research is focused on new strategies relating to the elec-
trode design, in order to improve the neuronal health (by developing
less traumatic electrodes) and the spatial selectivity. The finite element
method is known as a tool which can help the medical community
in the search of new surgical techniques and consequently to improve
old procedures. The present study uses the finite element method in
order to evaluate and obtain new ways of reducing the intra-cochlear
trauma, based on the study of several parameters related with the
cochlear implant insertion, such as insertion speed, friction coefficient
and implant stiffness.

2. Materials and methods

The anatomical geometry of the human cochlea was obtained from
a magnetic resonance imaging scan, of a male patient, without cochlear
pathologies. The Mimics software (v19.0.0.347, Materialise) was then
used to perform a manual segmentation of the cochlear wall. A straight
electrode (Fig. 2) was considered in order to simulate the insertion
of the cochlear implant. The SolidWorks software 2020 was used for
modelling the straight electrode, which had a length of 25mm and a
diameter ranging between 0.55mm at proximal end and 0.3mm at distal
end. The distal side ended a hemispherical tip. Dimensions and shape of
the electrode array were based on the standard commercially available
CI622 cochlear implant manufactured by the Cochlear medical device
company (Cochlear Limited, 2019). The round window membrane
approach was applied. This approach is the less aggressive since only
the round window membrane is extracted. Although it can lead to
more risks and insertion trauma as mentioned by Zhou et al. (2015).
However, this work applied the round window membrane approach,
since it should be the approach used, when the anatomy is favourable,
as mentioned by Richard et al. (2012).

The finite element model includes the cochlear wall and the elec-
trode array of the straight cochlear implant. To conduct the numerical
analysis, the electrode array was meshed with linear hexahedral el-
ements, with reduction integration (C3D8R). The cochlear wall was
modelled with 4-node shell elements (S4). In total, the finite ele-
ment mesh for the electrode array was composed by 9036 nodes. The
2

cochlear wall was discretized with 28137 nodes. All numerical analyses
were carried out using the finite element Abaqus/Explicit software
package (Dassault Systemes, 2016). A mesh convergence study was
conducted before all simulations for ensuring the accuracy of the finite
element analysis. An explicit dynamics procedure using an explicit
central-difference time integration rule was applied. The accelerations
at the beginning of an increment are computed using Eq. (1).

̈𝑁(𝑖) =
(

𝑀𝑁𝐽 )−1(𝑃 𝐽
(𝑖) − 𝐼𝐽(𝑖)

)

(1)

where 𝑢̈𝑁(𝑖) is the acceleration at the increment 𝑖, 𝑀𝑁𝐽 is the mass
matrix, 𝑃 𝐽

(𝑖) is the applied load vector, and 𝐼𝐽(𝑖) is the internal force
vector.
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matic states

(

𝑢̇𝑁(
𝑖+ 1

2

) and 𝑢𝑁(𝑖+1)
)

are calculated using the known values

from the previous increment
(

𝑢̇𝑁(
𝑖− 1

2

) and 𝑢̈𝑁(𝑖)
)

, according to Eqs. (2)

and (3).

𝑢̇𝑁(
𝑖+ 1

2

) = 𝑢̇𝑁(
𝑖− 1

2

) +
𝛥𝑡(𝑖+1) + 𝛥𝑡(𝑖)

2
𝑢̈𝑁(𝑖) (2)

𝑢𝑁(𝑖+1) = 𝑢𝑁(𝑖) + 𝛥𝑡(𝑖+1)𝑢̇
𝑁
(

𝑖+ 1
2

) (3)

The explicit procedure requires no iterations and no tangent stiff-
ness matrix, the scheme is conditionally stable and thus smaller time
steps are required. In Abaqus, the size of the stable time increment can
be computed using Eq. (4).

𝛥𝑡 ≈
𝐿𝑚𝑖𝑛
𝑐𝑑

(4)

where 𝐿𝑚𝑖𝑛 is the smallest element dimension in the entire model and
𝑐𝑑 is the dilatational wave speed.

In order to establish the friction between two surfaces in contact,
Abaqus uses the Coulomb friction model. These surfaces can carry shear
stresses up to a certain magnitude across their interface before starting
to slide. The critical shear stress is defined in the Coulomb friction
model as 𝜏𝑐𝑟𝑖𝑡, and depends of the normal contact pressure, 𝑝 according
to the following Equation: 𝜏𝑐𝑟𝑖𝑡 = 𝜇𝑝.

In the present study different implant insertion speeds (vinsertion:
0.25, 0.5, 1 and 2mm s−1) and different friction coefficients (𝜇: 0,
0.05, 0.1, 0.2, 0.3) between the cochlear lateral wall and the cochlear
implant were simulated. The insertion speed values used on this work
are in accordance with other studies available on the literature, which
refer to speeds ranging between 0.25mm s−1 (Rajan et al., 2013; Todt
et al., 2014) to 1.6mm s−1 (Kontorinis et al., 2011). The friction values
were based on the experimental work of Kha and Chen (2006), in
addition a possible critical case of 0.3 was carried out. The cochlear
wall was considered with elastic properties, 𝐸=14 100MPa, 𝜈=0.3 and
a density of 𝜌=2000 kgm−3 (Areias et al., 2016; Sun et al., 2002; Gentil
et al., 2011). The Young’s modulus, Poisson’s ratio and density assumed
for the cochlear implant were 𝐸=1000MPa, 𝜈=0.3 and a density of
𝜌=1000 kgm−3 (Chen et al., 2003; Kha and Chen, 2012). As result, the
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Table 1
Mechanical properties used, for different tip lengths.

Tip length
[mm]

𝐸
[MPa]

𝜈
[-]

𝜌
[kgm−3]

2.5

250
(25%)

0.3 1000

500
(50%)
50
(75%)

5

250
(25%)
500
(50%)
750
(75%)

mean contact pressure at the cochlear implant tip and the insertion
force was obtained. The mean contact pressure at the tip is given by
the average of the contact pressure between the cochlear implant tip
and the cochlear wall. For this average, only the pressure values from
the superficial nodes at the hemispherical tip were considered.

In order to study the influence of the tip length and stiffness, differ-
ent tip lengths (Fig. 2) and Young’s modulus were considered. The tip
length and the Young’s modulus parameters were assumed. In relation
to the tip length, the dimensions of 2.5 mm and 5 mm represents 10%
and 20% of the electrode array length. Such assumptions will allow
to evaluate the influence of the electrode array tip stiffness during the
insertion procedure. The values are summarized in Table 1.

In all numerical simulations, the petrous part of the temporal bone
was fixed in all degree of freedom and an imposed displacement of
25mm was applied at the proximal surface of the cochlear implant, thus
leading to a complete insertion of the electrode array.

3. Results

In order to understand how the angular position of the implant tip
evolves during the insertion procedure, a first study was conducted,
using an insertion speed of 1mm s−1 and considering no friction. Fig. 3
shows the relation between the insertion depth in millimetres and the
angular position of the implant tip, during the insertion. Since this is
mainly a geometrical constrained problem, no other velocities were
considered for this first study. A linear regression was also carried out,
which allows to observe that the curve follows approximately a linear
regression except between the 10mm and 18mm deep, where a certain
deviation was verified. The initial contact was reached at about 8mm
deep. After that, an adaptation of the electrode array to the cochlear
wall was verified.

Franz and Clark (1987) indicated the range between the 8mm and
10mm of insertion as the most critical range of the insertion process.
Similarly, De Seta et al. (2017) mentioned the critical range between
150◦ and 180◦. There appears to be a connection between the achieved
deviation, due to the electrode adaptation, and the damage induced by
the cochlear implant.

Since the insertion speed is a variable of the insertion procedure,
different insertion speeds were simulated and its influence on the con-
tact pressures computed. Fig. 4 shows the evolution between the mean
contact pressure at the cochlear implant tip and the insertion depth,
for different insertion speeds. No differences in contact pressures were
found for insertions with speeds lower than 1mm s−1. For 2mm s−1 in-
sertion speed, an increase in the contact pressure was verified, after an
insertion length of 15mm. This difference amounted to approximately
50%, for an insertion length of 25mm.

Fig. 5 shows the relation between the insertion force and the in-
sertion depth. All numerical curves follow the same trend, among the
different insertion speeds. The initial contact occurs for an insertion
3

Fig. 2. Finite element model of the CI622 cochlear implant and the cochlear wall.
Demonstration of the electrode tip length.

Fig. 3. Relation between the insertion depth in millimetres vs in degrees
(vinsertion=1mm s−1, without friction).

Fig. 4. Mean electrode tip contact pressure during the insertion of 25mm, for different
insertion speeds (0.25, 0.5, 1 and 2mm s−1).

depth of 8mm. After the initial contact, a sharp increase in the insertion
force was identified, thus showing the adaptation of the electrode array
to the cochlear wall. A second sharp increase in the insertion force was
found, for all insertion speeds, after a insertion length of 20mm. In the
final stage of the electrode array insertion, the insertion force increases
approximately 250% in relation to the 20mm insertion length.
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Fig. 5. Insertion force during the insertion of 25mm, for different insertion speeds
(0.25, 0.5, 1 and 2mm s−1). Experimental data reported from Nguyen et al. (2014)
and Avci et al. (2017) included in order to validate the model. The grey area indicates
±1 SD of the Avci et al. (2017).

In order to validate the model, two experimental data reported in
the literature were also included in the Fig. 5. The study conducted
by Nguyen et al. (2014) comprise the insertion of eight electrode arrays
with an in-house made motorized insertion tool using an actuator speed
controlled via a laboratory set at 0.8mm s−1. Another experimental
study carried out by Avci et al. (2017) at a speed of 0.5mm s−1 was
also represented.

The differences observed between the 8mm and 12mm, can be jus-
tified by the use of a different angle of insertion. The tangent insertion
of the electrode array in relation to the lateral wall allows a decrease
in the initial peak force, however this type of procedure usually require
the drilling of the round window or a cochleostomy. Torres et al. (2018)
used a robot-based insertion coupled to a navigation system to assess
the relationship between the insertion axis and intracochlear trauma.
The authors mentioned that a higher angle of approach to the scala
tympani centreline leads to an early contact of the array tip with the
walls of the cochlea. This phenomenon may cause an osseous spiral
lamina fracture in the first 90 degrees, a proximal array translocation
and the probability of cross the basilar membrane several times. Our
study considered the extraction of the round window, thus the insertion
angle was not perfectly tangent to the cochlear walls, thus causing the
sharp increase of the insertion force.

Among the different speeds tested, no major differences in the
insertion force were found. In the study of Kontorinis et al. (2011) a
proportional correlation of the cochlear implant insertion speed with
the insertion force was obtained. In contrast, Rau et al. (2010), showed
higher values of insertion force when implants were inserted with lower
speeds. Some controversy exists in the literature, therefore the speeds
usually used are very small to involve inertial effects.

The matrix presented in Fig. 6 shows the influence of the friction
coefficient on the von Mises stress distribution in the cochlear implant,
for different insertion depths and for an insertion speed of 1mm s−1.
The friction coefficients were based on the experimental data of Kha
and Chen (2006), which published values between 0.12 and 0.19 in
conditions without lubricants and between 0.04 and 0.15 in condi-
tions with glycerin and sorbelene. No major influence of the friction
coefficient was verified on the von Mises stress distribution, along the
cochlear implant. The higher differences appears for an insertion depth
of 25mm and for the higher friction coefficient used (𝜇 = 0.3), where the
ochlear implant started to buckle, near the round window. A decrease
n the angular position of the cochlear implant, during insertion is
4

lso notorious as the friction coefficient increases. Outside the cochlear
partition, on the cochlear implant an increase in the curvature as the
friction increased is evident, thus showing the increasing resistance
during the insertion derived from the increasing friction coefficient
(Fig. 6, red arrows in the second row).

Frictional conditions are crucial in the evaluation of the contact
stresses. As mentioned by Kha and Chen (2006) small changes in
the frictional coefficients can lead to large differences in the contact
stresses. Fig. 7 shows the relation between the mean contact pressure
at the cochlear implant tip and the insertion depth, for different friction
coefficients. An insertion speed of 1mm s−1 was considered for all
curves. As expected, the lowest mean contact pressure was obtained for
the frictionless case. For the cases with friction, there is no notorious
differences between an insertion depth of 5mm (90◦) and 15mm (270◦).
However, a decrease of approximately 40% was obtained between the
frictionless case and all cases with friction. After 15mm deep, the mean
contact pressure increases with friction, except for the case 𝜇 = 0.3. In
this case (𝜇 = 0.3), the presence of the second peak (15mm - 20mm)

as not evident. Such discrepancy can be related with the delay on the
nsertion of the cochlear implant due the friction between the electrode
rray and the endosteum lining, and also by the initiation of buckling
hich is visible in this case (Fig. 6), which reduces the pressure on the

ip. At the end of the cochlear implant insertion, the buckling of the
lectrode array causes an abrupt decrease of the mean contact pressure,
or the higher friction coefficient.

Fig. 8 shows the influence of the friction coefficient on the insertion
orce, for an insertion speed of 1mm s−1. The insertion force increase
ith increasing friction coefficients. Comparing with the frictionless

ase, there was an increase of the maximum insertion force in the order
f 1.22 times with 𝜇 = 0.05, of 1.67 times with 𝜇 = 0.1, of 3.8 times
ith 𝜇 = 0.2 and of 9.4 times with 𝜇 = 0.3. Therefore, an exponential

ncrease of the maximum insertion force was obtained. Similarly, in
ig. 7, the fast decrease of the insertion force for the higher friction
oefficient (𝜇 = 0.3) is a consequence of the electrode array buckling.
ence, for high friction coefficients (𝜇 > 0.2), the buckling of electrode
rray may occur, thus damaging the cochlea near the round window.

Fig. 9a shows the mean contact pressure at the implant tip for
ifferent tip configurations. Overall, there was a decrease of the mean
ontact pressure as the Young’s modulus of the tip decreased. No
ifferences of the insertion trajectory were identified between all cases.
he case with a Young’s modulus of 250MPa and a tip length of 5mm
howed an almost linear increase of the mean contact pressure, which
an be correlated with fewer damages on the cochlear wall due to the
mooth and progressive insertion. As mentioned by Dhanasingh and
olly (2017), the damage of the cochlear wall can lead to the formation
f new bone growth which could compromise the residual cochlear
unction. The case with a Young’s modulus of 250MPa and a tip length
f 2.5mm resulted in the lowest contact pressure with a reduction
f 75% when compared with the homogeneous case. The insertion
orce for the different tip configurations is shown in Fig. 9b. No major
ifferences were detected between all cases. Overall, a decrease in the
aximum insertion force was obtained in all cases with modified tip
hen compared with the homogeneous implant case.

. Conclusions

Cochlear implant electrode insertion force and contact pressure
etween the implant tip and the cochlear wall can influence the intra-
ochlear damage and the preservation of the residual hearing. A series
f steps takes place during the cochlear implant insertion. Such stages
ere investigated in this numerical study. The relation between the

nsertion depth and the angular position of the implant tip follows
pproximately a linear regression. For an insertion depth between
0mm and 18mm the initial contact was established and a consequent
daptation of the cochlear implant to the cochlear wall occurred.

The study involving different insertion speeds showed that lower
peeds result in lower contact pressures at the implant tip. In relation
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Fig. 6. Influence of the friction coefficient between the cochlear implant and the scala tympani walls on the maximum von Mises stress (SvM) present on the cochlear implant,
for different insertion depths.
Fig. 7. Mean electrode tip contact pressure during the insertion of 25mm, for different
friction coefficients (0, 0.05, 0.1, 0.2 and 0.3).

to the friction coefficient, there was an abrupt decrease of the mean
contact pressure and insertion force in the case of 𝜇 = 0.3, thus showing
a buckling of the electrode array. The friction coefficient exhibit no
influence on the von Mises stresses along the electrode array. However,
an increase in the insertion force as the friction coefficient increased
was achieved. With respect to the study of the cochlear implant tip
properties, a decrease in the mean contact pressure was obtained as
the Young’s modulus decreased. No differences in the electrode array
trajectory were identified between all the studied cases. The homoge-
neous implant exhibited the highest insertion force compared with the
modified tip cases.
5

Fig. 8. Insertion force during the insertion of 25mm, for different friction coefficients
(0, 0.05, 0.1, 0.2 and 0.3).

In order to reduce the lateral displacement of the electrode array,
outside the cochlear duct (probability of buckling) and increase the
cochlear implant stability, a stiffer electrode array at the basal portion
should be developed. The results showed that a soft tip can decrease the
contact pressure, thus resulting in a less damage of the cochlear walls.
It is therefore necessary to numerically study novel cochlear implants
with gradual stiffness in order to avoid high contact pressures with
the cochlear walls and the basilar membrane, which can lead to its
perforation and consequently, the loss of the endo-cochlear potential
and the loss of the residual hearing.
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Fig. 9. (a) Mean electrode tip contact pressure during the electrode insertion, for different tip mechanical properties (Table 1), (b) Insertion force during the electrode insertion,
for different tip mechanical properties (Table 1).
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