
International Journal of Computer Assisted Radiology and Surgery
https://doi.org/10.1007/s11548-023-02930-1

ORIG INAL ART ICLE

Amethod for accurate and reproducible specimen alignment
for insertion tests of cochlear implant electrode arrays

Jakob Cramer1 · Georg Böttcher-Rebmann1 · Thomas Lenarz1,2 · Thomas S. Rau1,2

Received: 28 November 2022 / Accepted: 19 April 2023
© The Author(s) 2023, corrected publication 2023

Abstract
Purpose The trajectory along which the cochlear implant electrode array is inserted influences the insertion forces and the
probability for intracochlear trauma. Controlling the trajectory is especially relevant for reproducible conditions in electrode
insertion tests. Using ex vivo cochlear specimens, manual alignment of the invisibly embedded cochlea is imprecise and
hardly reproducible. The aim of this study was to develop a method for creating a 3D printable pose setting adapter to align
a specimen along a desired trajectory toward an insertion axis.
Methods Planning points of the desired trajectory into the cochlea were set using CBCT images. A new custom-made
algorithm processed these points for automated calculation of a pose setting adapter. Its shape ensures coaxial positioning of
the planned trajectory to both the force sensor measuring direction and the insertion axis. The performance of the approach
was evaluated by dissecting and aligning 15 porcine cochlear specimens of which four were subsequently used for automated
electrode insertions.
Results The pose setting adapter could easily be integrated into an insertion force test setup. Its calculation and 3D printing
was possible in all 15 cases. Compared to planning data, a mean positioning accuracy of 0.21 ± 0.10 mm at the level of the
round window and a mean angular accuracy of 0.43° ± 0.21° were measured. After alignment, four specimens were used for
electrode insertions, demonstrating the practical applicability of our method.
Conclusion In this work, we present a new method, which enables automated calculation and creation of a ready-to-print
pose setting adapter for alignment of cochlear specimens in insertion test setups. The approach is characterized by a high level
of accuracy and reproducibility in controlling the insertion trajectory. Therefore, it enables a higher degree of standardization
in force measurement when performing ex vivo insertion tests and thereby improves reliability in electrode testing.

Keywords Specimen alignment · Electrode insertion tests · 3D printing · Porcine cochlea · Pose setting adapter

Introduction

During cochlear implant (CI) surgery, the electrode array
(EA) is inserted into the cochlea, where it electrically stim-
ulates the auditory nerve using multiple small platinum
electrode contacts. As the indication for a therapy with a
CI has been expanded from deaf patients to patients with
some extent of residual hearing [1, 2], the prevention of inser-
tion trauma and the preservation of the sensitive structural
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elements of the cochlea gained relevance [3]. An impor-
tant factor during EA insertion is the direction of entering
the cochlear lumen, i.e., the insertion trajectory. In most
cases, this trajectory is placed parallel to the centerline of
the basal turn of the cochlea and within the central region
of the scala tympani to avoid early contact between EA and
intracochlear structures. Some studies suggest that angular
deviations from this parallel trajectory can have a strong
influence on the resulting insertion force [4] and can further
lead to intracochlear trauma [5]. Moreover, multiple studies
showed that the probability for intracochlear trauma is corre-
lated to increased insertion forces [6–8]. Consequently, one
focus in EA development is the reduction of forces occurring
during the insertion process, which are directly linked to the
design of the EA.
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For a mechanical EA characterization or an investigation
of causes for intracochlear trauma under controlled condi-
tions, insertion tests with ex vivo specimens [6, 7, 9, 10]
or artificial cochlear models (ACM) [11–14] are a standard
procedure. In a typical test setup, an EA is automatically
advanced into a cochlear specimen or an ACM, while the
forces in insertion direction are measured. A common factor
in most test setups is the coaxial alignment of the linear feed
and themain forcemeasurement axis of the sensor.Moreover,
the desired trajectory into the cochlear specimen or ACM
needs to be aligned to the insertion and force measurement
axis, respectively. This is essential, since the investigation of
relations between forces, trajectory and insertion trauma is
only possible when the desired trajectory can be set reliably,
as this ensures controlled conditions and thus reproducible
and comparable results.

Using ACMs, which are mostly made from clear material,
the desired insertion trajectory into the model is well known
in advance, and therefore, the model can be aligned to the
insertion axis simply by design of the test bench. The align-
ment and thus the standardization of insertion tests become
more challenging when using ex vivo cochlear specimens.
Here, the cochlear lumen has natural variations in shape [15,
16] and is embedded invisibly inside the bone. A common
procedure for aligning ex vivo specimens is manual position-
ing using anatomical landmarks such as the round window
and the bony structure surrounding the cochlea [7]. However,
Torres et al. showed that manual alignment of the inser-
tion axis toward a planned trajectory into the cochlea varies
depending on the experience level of the surgeon and pro-
duces high angular deviations between these axes, even from
CI experts (6°–7°) [17]. Furthermore, Yasin et al. showed that
there is a wide variability among surgeons when choosing
an insertion trajectory for EA insertion (21° ± 14.5°) [18].
These factors would lead to a non-negligible influence on
the insertion test results, impeding controlled testing condi-
tions. Especially when the specimen is cut down to the small
area of the cochlea or otic capsule, the alignment difficulty
increases, as important anatomical landmarks such as the
facial recess get lost. Nevertheless,manual alignment is often
used in this case [7, 9, 19], accepting the above-mentioned
inaccuracies. Other works used advanced approaches from
computer-assisted surgery. Huegl et al. combined manual
alignment with additional guidance from an optical navi-
gation system to provide a better control of the insertion
trajectory [20]. However, this method needs a cost-intensive
stereo-optic camera and additional reference markers, which
need to be fixed to the small specimen and which introduce
a higher weight to the sensitive force sensor. In a work of
Kobler et al., the cochlear specimen was aligned by means
of trajectory planning based on CT images, optical tracking
of the specimen using a stereo-optic camera and positioning
using a passive hexapod kinematic system [10].While the use

Fig. 1 Basic idea of the pose setting method; left: mismatching trajec-
tory into the cochlea and insertion axis; right: alignment of the axes
using a pose setting adapter

of a hexapod can further increase accuracy, this approach is
highly complex and costly.

Recently, we proposed a simple method that enables spec-
imen alignment in insertion test setups in a precise and
reproducible way [21]. This stereotactic approach is based
on individual, 3D-printed pose setting adapters (PSA), which
are mounted between the force sensor and the specimen to
ensure accurate alignment (Fig. 1). However, a remaining
drawback of this method is the creation of the PSA, which is
based on a parametric computer-aided design (CAD) model
controlled by several Excel spreadsheets which was suscep-
tible to user errors. In addition, the method was never tested
with real cochlear specimens in a structured and substantial
study.

Therefore, this study covers the following aims: First, we
wanted to improve the alignment method with a new algo-
rithm that automatically creates a 3D printable file of the
PSA directly from the planned trajectory points in order to
increase the robustness of the process. This simplification
was supposed to enable faster and easier PSA creation inde-
pendent from external CAD software to make the method
less error-prone. The second objective was to evaluate the
alignment accuracy of this advanced method in a realistic
application. For this reason, porcine cochlear specimens (n
= 15) were used, as they are easily available and are said to
be similar to the human cochlear anatomy [22], albeit a bit
smaller. Lastly, insertion tests into four of the aligned porcine
cochlear specimens were conducted as a proof of concept for
the complete testing method.

Material andmethods

General workflow

The creation of an individual PSA can be divided into five
steps (Fig. 2). First, a dissected cochlear specimen is fixed

123



International Journal of Computer Assisted Radiology and Surgery

Fig. 2 Flowchart of the general workflow for creating an individual PSA

to a self-designed registration and specimen carrier (RSC).
In step two, a cone beam computed tomography (CBCT)
scan is performed to acquire volumetric image data of the
cochlear specimen and the connected RSC. The image data
are imported into a custom planning software in step three,
where a registration process is performed using fiducials at
the RSC, followed by manual planning of the desired inser-
tion trajectory into the cochlea.

A newly developed algorithm (ALPACA—alignment test
bench pose setting adapter calculation), implemented in
MATLAB (R2022a, The MathWorks, Natick, USA), fur-
ther processes these planning points (step four). ALPACA
automatically calculates the PSA geometry and creates a
ready-to-print 3D model of it. Additionally, the algorithm
can incorporate a calibration matrix to compensate inaccura-
cies caused, e.g., by manufacturing uncertainties of the test
setup. Finally, the output of the program is an STL file of the
PSA, which can be sliced and 3D printed with any common
slicing program and 3D printer (step five).

Dissection of porcine cochlear specimen

Porcine cochlear specimens, which are part of the otic cap-
sule, were used. These specimens are inexpensive, easy to
purchase and similar to human cochleae [22]. The porcine
heads were delivered as half skulls (Fig. 3a), where the loca-
tion of the cochlea can be identified easily without further
preparation (Fig. 3b). A band saw was used for large-scale
removal of bone and tissue around the identified location of
the otic capsule. The remaining tissue was removed using a
common surgical forceps and a surgical knife.After sufficient
tissue removal, the otic capsule, which measures approx.
15 mm × 15 mm × 15 mm, could carefully be levered out
of the surrounding temporal bone. This is possible due to the
difference in bone structure between the temporal bone and
the otic capsule, which introduces a weak point at the contact
surface. An example of a dissected cochlear specimen with
visible round and oval window is shown in Fig. 3c.

Test setup and component design

The specimens were glued (Paladur®, Heraeus, Hanau, Ger-
many) into a removable dish that acts as an interface as it
can be connected to the registration and specimen carrier
(RSC). For registration purpose, the RSC includes four tita-
nium sphereswith a diameter of 5mm (Fig. 4a). Furthermore,
the RSC provides two interfaces: one to clamp the remov-
able dish on top; the other interface is located at the bottom
to connect the RSC to the PSA. Both interfaces are realized
using LEGO plates (part no. 3022 and 3068, Lego A/S, Bil-
lund, Denmark) to allow the reuse of the RSC and to enable
a tight and accurate connection.

In contrast with the RSC, which can be reused, the PSA is
individualized for every single specimen. In order to simplify
theworkflow, the PSAprovides a 3D-printed interface,which
is optimized to precisely connect it to the LEGO plate at
the bottom of the RSC. An evaluation of the connection was
performed by printing the interface in slightly different fitting
dimensions, i.e., clearance, exact and oversize fit (up to ±
0.1mm), andvarying angles in the expected range (from0°up
to 40°) (Fig. 4b). Additionally, the connections were printed
in varying directions to qualitatively investigate, whether the
angular position on top of the build plate of the 3D-printer has
any effect on the fitting results. The clampingmechanismwas
examined qualitatively by manually attaching and detaching
the LEGO bricks to the printed interface and assessment of
the clutch power.

At the bottom side, the PSA can be fixed on top of a
connection component to the force sensor (KD24S, ME
Messsysteme, Hennigsdorf, Germany) by using a wing nut
with a pitch which presses the chamfer on the PSA toward
the bottom plate. The whole test setup assembly is shown
in Fig. 4c. It consists of a positioning probe, which simu-
lates the insertion axis of the insertion tool for the positioning
accuracy evaluation. The probe is connected to the force sen-
sor by a C-shaped aluminum frame, which ensures coaxial
alignment of the insertion axis and the force measurement
direction.
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Fig. 3 Dissection process: a fresh and never-frozen porcine half skull with visible location of the cochlea without further dissection; b close-up of
the otic capsule within the skull and c dissected otic capsule including the cochlea with visible round window (RW) and oval window (OW)

Fig. 4 Test setup design: a exploded views of the RSC CAD model
with its components; b evaluation of 3D-printed LEGO connection
using varying clearances and angles (left) and by comparing different

printing orientations on the build plate of the 3D printer (right) and
c design of the test setup

Planning of the trajectory into the cochlea

Processing of the volumetric image data of the specimen
on top of the RSC (Fig. 5a) was performed with a custom
planning software from our workgroup, which enables semi-
automated detection and fitting of the spherical registration
markers (Fig. 5b and c) and subsequently performs an auto-
mated point-based registration. To avoid a high registration

error due tomanufacturing inaccuracies of theRSC, the regis-
tration process uses the exact positions of the marker centers
and the bottomLEGOplate. Theseweremeasured in advance
using an optical coordinate measurement machine (CMM,
XM-1200, KEYENCE, Osaka, Japan) with a measurement
accuracy of ± 3 µm.

In total, three planning points are necessary for PSA com-
putation (Fig. 5c):
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Fig. 5 Trajectory planning:
a Cochlear specimen glued
inside a removable dish and
clamped on top of the RSC;
b CBCT data of the specimen on
top of the RSC; c sphere fitting
into the registration markers and
d planning points for PSA
calculation

• Point 1: It is located at the center of the round window
defining the entrance into the cochlea.

• Point 2: It defines the insertion trajectory together with the
first point. It is chosen in a way that the resulting trajectory
provides a tangential path to the basal turn of the cochlea
and stays within the central region of the scala tympani
cross section.

• Point 3: It defines the curling direction of the cochlea to
enable a standardized orientation of the basal turn within
the test setup. It is placed approx. at three quarters of the
first cochleaer turn and ensures that the rotational orien-
tation of the EA toward the inner axis (modiolus) of the
cochlea stays the same throughout every insertion trial.

Calculation and PSAmodeling

The calculations in ALPACA are based on homogeneous
transformation matrices, which needed definition of four
coordinate systems (CS) (Fig. 6a). A more detailed descrip-
tion of the CS is provided in [21]. The goal of the calculation
is the mathematical relation between CSBASE and CSRSC,
i.e., the transformation matrix BASETRSC, since these two CS
form the functional surfaces of the pose setting adapter. This
matrix is given as

BASETRSC = BASETTRAJ ·TRAJ TRSC = BASETTRAJ ·
(
RSCTTRAJ

)−1
,

(1)

where RSCTTRAJ can be calculated from the image registra-
tion process described above, as the location of the planning
points, and therefore, CSTRAJ is known within CSRSC. The
other transformation matrix BASETTRAJ is also specified as
the calibrationmatrix of the test setup, since it provides infor-
mation of the relation between the main force measurement
direction (z1) and the insertion axis of the tool (z4), which are
aligned coaxially by design of the test setup. Besides the cal-
culation of BASETRSC,ALPACA uses the calibrationmatrix to
compensate possible deviations between these axes simply
by adjusting the PSA. For this purpose, the test setup, i.e.,
the relation between CSBASE and CSTRAJ, was measured in
advance using the CMM.

The mathematical 3D model of the PSA is comprised of
three sub-models (Fig. 6b):

• Connector sub-model: Frame structure to provide a con-
nection to the LEGOplate of theRSC. It is orientated using
CSRSC as center point of the frame and x2 and y2 as the
direction of the frame borders.
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Fig. 6 PSA modeling: a visualization of the different coordinate systems and the transformation matrices; bmathematical alphaShape model of the
PSA with its sub-models ‘connector sub-model’ [I], ‘cylinder sub-model’ [II] and ‘base sub-model’ [III] and c 3D-printed PSA

• Base sub-model: It stays the same in every PSA. It consists
of a cuboid base structure and a chamfer for the fixation
with a wing nut. CSBASE is defined at the bottom center of
the cuboid.

• Cylinder sub-model: It connects the base sub-model with
the connector sub-model. The lower center of the cylinder
is located at the projected origin of CSRSC along z1 on top
of the base sub-model cuboid surface.

All sub-models are implemented as point clouds, which
are converted to a solid object using the alphaShape function
provided in MATLAB. After the virtual solid object of the
PSA is finalized, ALPACA converts the 3D object to a ready-
to-print STL file. An example of a 3D-printed PSA is shown
in Fig. 6c.

Experimental evaluation

Pose setting accuracy

Fifteen porcine cochlear specimens (nine right and six left
sides)were dissected as described in order to determine align-
ment accuracy of the presented method. Image data were
acquired using a CBCT device with a voxel size of 300 µm
(xCAT, Xoran Technologies LLC, Ann Arbor, Michigan).
Three-dimensional printing of the PSA was performed with
an FDM printer (Ultimaker 2 + , Ultimaker, Geldermalsen,

Netherlands) with a set layer height of 0.1 mm and a nozzle
diameter of 0.4 mm.

We evaluated the experiments by measuring the insertion
axis of the test setup and the registration markers of the RSC
with the CMM after the PSAwas mounted between the force
sensor and theRSC.With an additional registration step using
themeasuredmarkers, the relationof the planned trajectory to
the actual insertion axis could be determined. Pose accuracy
was evaluated by calculating the angular deviation between
the planned trajectory and the insertion axis of the test setup
and additionally the Euclidean distance between these axes at
the level of the round window. For evaluation of the registra-
tion process between measured registration marker position
and location of the marker within the image data, the fiducial
registration error (FRE) was determined.

Insertion study

To assess the suitability of the presented method for use
within an insertion test procedure, the last four cochlear
specimens from the pose setting experiments were used for
electrode insertion. For this purpose, a linear stage (LTM
45-110-HiSM, OWIS, Staufen im Breisgau, Germany) was
added to the test setup to provide a steady forwardmovement
and a measurable insertion depth. A commercial straight EA
(SlimStraight, Cochlear Ldt., Sydney, Australia) was par-
tially inserted with 0.1 mm/s up to 17 mm or until the EA
started to buckle.We chose 17mm as themaximum insertion
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depth due to a preliminary test insertion into another porcine
specimen, where the EA could not be inserted further, which
was not part of this study. In total, we repeated the EA inser-
tion three times per specimen. After the last insertion into
each specimen, an additional CBCT scan was performed to
assess the intracochlear position of the EA.

Results

The creation of the PSAs was successful for all 15
porcine cochlear specimens indicating that the available PSA
workspace is sufficient. Three-dimensional printing of the
PSA took about 45–60 min depending on the individual
geometry. Using the test components (Fig. 4b), the clutch
power of the 3D-printed interface to the LEGO brick proved
to be quantitively multiple orders of magnitude higher than
the expected insertion force when using the exact dimensions
of the plate without clearance or overfitting (± 0 mm). An
angle dependency of the 3D-printed connection could not be
determined in the tested range up to 40°. The tightness of the
connection was also independent of the rotational orientation
on top of the build plate of the 3D printer.

Pose setting accuracy

Results of the positioning accuracy are summarized in Table
1. The data show the Euclidean distance between insertion
axis and planned trajectory on the level of the round win-
dow of ≤ 0.38 mm in all cases, resulting in a mean value
of 0.21 mm ± 0.10 mm. For the angular alignment between
the axes, the deviation was found to be 0.43° ± 0.21° (max.:
0.9°). For the registration process, a mean fiducial registra-
tion error (FRE) of 0.04 mm ± 0.01 mm was found.

Insertion study

The insertion into the aligned specimens was possible in all
four cases with the EA located correctly above the round
window. An insertion up to 17 mm was not possible in any
insertion, since the EA started to buckle between 14- and
16-mm insertion depth. Figure 7 shows the beginning of the
insertion process as well as the CBCT scans of the inserted
EAs. Besides the limited insertion depth, the CBCT data
showed typical locations of the EA inside the cochlea, and
no abnormalities, e.g., tip foldover or intracochlear buckling,
were detected.

Discussion

Method and test setup

ALPACA proves to be a simple, intuitive and fast way to cal-
culate individual pose setting adapters right after planning the
trajectory into the cochlea. Compared to stereo-optic or mag-
netic navigation systems, our method is rather inexpensive,
since only a consumer level 3D printer is needed. Although
a CMM was used in our study to determine the calibration
matrix, it can be omitted if the experimental setup and the
registration carrier are manufactured with sufficient preci-
sion. Another advantage of our method is the fixation of the
specimen. Using a navigation-based system, the alignment
requires intricate manual fine-tuning, and the specimen or
the insertion tool needs to be fixed after the alignment, which
makes this process complex and time consuming. Due to the
modular designwith plug-in connections in our test setup, the
assembly process is quick and easy, and the fixation is stable.
Nevertheless, there is potential for optimizing the interface
to the LEGO bricks, as the used bricks allow attachment
in four different orientations. In our trials, the knowledge
about the correct positioning was obtained from the image
data of the previous planning procedure. However, a different
brick shape of the connection, e.g., an L-shaped brick, could
prevent user errors. The outcome of 0.21 mm ± 0.10 mm
Euclidean and 0.43° ± 0.21° angular deviation is similar
compared to our previous work (0.23 mm ± 0.12 mm and
0.38° ± 0.17°) [21], with the extension that in this study,
we used the ALPACA program and positioned real cochlear
specimens instead of virtual trajectories for a more realistic
application.

Euclidean distance

Toclassify the outcomeof theEuclideandistance deviationof
ourmethod, the results can be compared to benchmark values
regarding the target accuracy in computer-assisted cochlear
implant surgery. First, Schipper et al. mentioned in 2004 an
aimed target region accuracy of ± 0.25 mm for performing
a precise cochleostomy using computer-assisted navigation
tools [23]. Rau et al. analyzed morphological image datasets
of eight human temporal bones in 2019 to determine a tar-
get accuracy range for a safe and atraumatic opening of the
cochlea by using minimal invasive surgery and came up with
a threshold value of ± 0.3 mm [24]. According to these two
benchmark values, our results are below the suggested value
of Schipper et al. in 10 of 15 cases and compared to the
value mentioned by Rau et al. even in 12 of 15 cases, show-
ing a high positioning accuracy of our method. Even our
worst-case value of 0.38-mm shift is only slightly out of
the discussed range. In addition, our results need to be put
into perspective, since we do not perform minimal invasive
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Table 1 Accuracy values
measured in the positioning
experiments

Specimen Side FRE [mm] Euclidean distance [mm] Angular deviation [°]

#01 R 0.05 0.10 0.48

#02 R 0.05 0.38 0.29

#03 R 0.04 0.22 0.50

#04 L 0.04 0.19 0.76

#05 R 0.04 0.11 0.50

#06 R 0.04 0.16 0.21

#07 R 0.04 0.10 0.51

#08 L 0.04 0.23 0.28

#09 L 0.04 0.20 0.08

#10 R 0.05 0.05 0.38

#11 R 0.04 0.18 0.53

#12 L 0.05 0.31 0.30

#13 L 0.05 0.28 0.90

#14 L 0.05 0.30 0.34

#15 R 0.05 0.33 0.42

Mean ± SD 0.04 ± 0.01 0.21 ± 0.10 0.43 ± 0.21

SD standard deviation and FRE fiducial registration error

Fig. 7 Insertion study: a photo of the EA insertion and b CBCT scan of the porcine specimens with inserted EA

surgery in our test setup so that the benchmark values should
only act as evidence for the sufficiently high accuracy of the
presented method.

When assessing the distance between the achieved inser-
tion trajectories and the target trajectories at the level of the
round window, the deviations are evenly distributed around
the target point (Fig. 8). This behavior can be attributed to
the performed test bench calibration measurement, which
eliminates systematical errors. Resulting deviations may be
caused by manufacturing tolerances of the 3D printing pro-

cess of the PSA. In our study, we did not investigate other and
more accurate 3D printing methods, which might improve
accuracy. However, this would also increase the overall costs
and from our findings, a consumer level FDM printer is suf-
ficient for the desired application. Another source of error
could be the connecting interfaces, as the LEGObricksmight
not snap completely into the final position. Redesigning the
RSC could allow a better view on the connection in order
to provide a better visual control of the remaining gap. The
error due to the fiducial registration process only had a minor
influence on the alignment accuracy, as indicated by the small
FRE (0.04 mm ± 0.01 mm).
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Fig. 8 Measured target points at the level of the round window

Angular deviation

The spatial orientation of a specimen is more critical than its
positioning since the cochlear lumen is not visible from out-
side. Moreover, a misalignment between the insertion axis
and a planned trajectory, ideally placed tangential to the cen-
terline of the basal part of the scala tympani, was shown
to increase the insertion forces [4] and to raise the risk of
traumatic EA insertions [5]. Both would affect the EA inser-
tion and would lead to a possible misinterpretation of the
insertion test results, which makes it essential to minimize
this error. Torres et al. showed that aligning the insertion
axis toward a planned trajectory into the cochlea by hand is
strongly dependent on the experience of the surgeon [17]. In
another work of the same group, different alignment proce-
dures were compared, yielding a misalignment between the
insertion axis and the planned trajectory of 8.3°±2.82°, if the
alignment was performed manually by ENT residents, 8.6 ±
2.83° with additional help of an electromagnetic navigation
system and 3.4°± 1.56°when performing the alignmentwith
a robot-based and semi-automated procedure [25]. By using
our newly developed method, we achieved a mean angular
deviation of 0.43° ± 0.21°, which is 19 times lower than
the alignment by hand of a CI expert and even almost 9
times lower than the semi-automated robot-assisted align-
ment procedure reported by Torres et al. We conclude that
our alignment procedure provides a comparably high posi-
tioning accuracy and is more suitable for the use of aligning
cochlear specimens for insertion tests thanmanual alignment.

Insertion tests

The four insertions proved the suitability of the alignment
method for the use in insertion tests, as the insertion was
possible in all cases, indicating an accurate specimen posi-
tion. The torque acting on the brick interfaces, induced by
the insertion force and the lever arm, did not show a visi-
ble influence on the connection. This might be due to the
small insertion forces in tenths of a mN range and the com-
parably tight brick connection. If future studies, e.g., with
different specimens, showed that this connection is not solid
enough, bricks fromothermanufacturers could be tested hav-
ing higher clutch power. The early EA buckling, which was
observed between 14- and 16-mm insertion depth, suggests
optimization potential in the experimental setup. This lim-
itation might be caused by design of our insertion device,
holding the EA too far behind the last electrode contact,
which increases the unguided area of the EA and favors buck-
ling. To reduce buckling, a guide tube could be added to the
test setup, as shown in other works [4]. An additional limiting
factor is the use of only one EA for all experiments, which
might have had an effect on the insertion behavior. Another
relevant factor is the use of an EA made for human anatomy
for the insertion into porcine specimens. Even though the
porcine cochlear anatomy is said to be similar to the human
one it differs, e.g., in the number of turns (3.5 turns compared
to 2.5 turns in humans) [22]. However, when considering the
A- and B-values of the porcine cochlear specimens, which
are measures of the length and width of the cochlear base
[26], it is noticeable that these values are smaller than these
of humans. For the porcine specimens, we found a mean
A-value of 7.31 mm ± 0.15 mm and a mean B-value of
5.30 mm ± 0.23 mm (Table 2) compared to human values
for A between 8.44 and 9.23 mm and for B between 6.22 and
7.0 mm, respectively [27]. This could also explain the inser-
tion depth limitation due to a tighter winding of the cochlea
and a shorter basal turn.

Nevertheless, porcine cochlear specimens are a promis-
ing alternative to human temporal bones for future insertion
tests, since the rather short insertion depthmight be sufficient
for several research questions. For instance, investigation of
intracochlear frictional conditions and the influence of EA
coatings or different insertion trajectories on the insertion
forces are current research questions [4, 11, 28–30]. Here,
even partial insertions could improve the understanding of
mechanical interrelationships. Even more: Contrary to most
human cadavers used for experiments, porcine specimens are
available in a very fresh and never-frozen condition, which
might be as close to intraoperative reality as possible in
terms of mechanical properties, such as intracochlear fric-
tion. Therefore, the use of porcine specimens for EA insertion
tests should be further investigated in future studies. Never-
theless, if realistic anatomical dimensions were required, the
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Table 2 A- and B-values of the porcine cochlear specimens

Pig # 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 Mean ± SD

A [mm] 7.39 7.38 7.09 7.45 7.30 7.28 7.22 7.31 7.30 6.98 7.21 7.32 7.57 7.30 7.54 7.31 ± 0.15

B [mm] 5.47 5.34 5.01 5.24 5.3 5.54 5.57 5.39 5.2 4.71 5.17 5.37 5.37 5.14 5.70 5.30 ± 0.23

SD standard deviation

presented alignment method could also be used for human
cochlear specimens with only small necessary adjustments,
such as the enlargement of the removable dish.

Conclusion

In summary, we presented a new advanced methodology for
the alignment of cochlear specimens with respect to a desired
insertion trajectory using 3D-printed pose setting adapters
(PSA). For this purpose, an algorithm enabling the auto-
mated generation of a ready-to-print 3D model of individual
PSAs from planning data was implemented in MATLAB.
Alignment and insertion experiments using porcine cochlear
specimens demonstrated a high precision of the method
and proved the feasibility of the whole workflow. The pre-
sented method decreases error sources in EA insertion tests
using cochlear specimens, allowing for a higher level of
standardization. This increases the repeatability of insertion
experiments and thereby the comparability of experimental
results.
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