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Abstract: The electrode array insertion is a critical point
during CI surgery and should be performed as gently as
possible to preserve residual hearing. In order to measure
occurring forces, an insertion tool with an integrated force
sensor and an inertial measurement unit (IMU) is being
developed. The weight of the electrode holder and the sensor
add an unknown offset to the measured forces, depending on
thetool orientation. To address this problem, a software which
calculates the orientation-induced error and computes a
corrected force was developed.

The software was written in C++ using the library Qt 5.12.9.
For maximization of the computing frequency, the data
acquisition of both sensors and the monitoring was
parallelized. An algorithm was developed to calculate the error
caused by the electrode holder and sensor. For this purpose
both weights were determined in a calibration procedure and
merged with the provided IM U data. The evaluation was done
in two test series (each n=5) with different initial tool
orientations. To this end a stepwise 360° rotation around the
horizontal axis was performed, while recording the corrected
forces.

The developed software allows a computing frequency up to
100 Hz with a latency of 10 ms for the online monitoring of
the processed data. The evaluation of the corrected force
shows a residual error of 0.347 mN =+ 0.325 mN for the first
and 0.176 mN £ 1.971 mN for the second test series.

With the created algorithm, the impact of the extra weight on
the sensor can be almost fully equalized. The highly
responsive software offers a new possibility to process
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insertion forces and provide feedback to surgeons.
Determining the influence of the tool orientation on the

corrected forces is the subject of future researches.
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1 Motivation

Cochlear implant (CI) systems can be divided in two parts: an
external sound processor and the implanted part that receives
auditory signals and transmits them to the cochlear nerve. To
enable this latter transmission, an electrode array (EA) is
inserted into the cochlea during CI surgery. Studies have
shown that a gentle insertion reduces the probability of intra-
cochlear trauma [1, 2], which is connected to the loss of
residual hearing [3, 4].

The magnitude of forces occurring during EA insertion is
only perceived by the surgeon's fingertips but cannot yet be
objectively determined. For this reason, a force sensitive
insertion tool is under development. A force sensor within the
tool is connected to an electrode holder, which enables the
measurement of forces acting axially along the EA. Initial tests
insertion tool recorded
orientation-dependent forces caused by the weight of the

have shown that the unloaded

electrode holder and the sensor. Therefore, an inertial
measurement unit (IM U) was integrated into the insertion tool
to allow compensation of this orientation-dependent force
component.

The purpose of this work was to establish a method to
clear the measured signal from perturbations caused by the
weight of the electrode holder and the sensor. We present a
software that both calculates orientation-dependent errors
from the measured signal and provides visual feedback on the
corrected force.

This work is licensed under the Creative Commons Attribution 4.0 International License.
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2 Materialand Methods

2.1 Insertion tool prototype

The basis for force measurements during EA insertions is a
manual insertion tool that is currently being developed in-
house (see Figure 1). It is a small device with an embedded
one dimensional force sensor (KD24s 2N, ME-Mefsysteme
GmbH, Hennigsdorf, Germany) in combination with a
GSV-8DS measurement amplifier (ME-Mefisysteme GmbH,
Hennigsdorf, Germany) and an inertial measurement unit
(BNOO05S5, Bosch Sensortec GmbH, Reutlingen, Germany). An
electrode holder coaxially holding the EA is connected to the
force sensor, ensuring the direct transmission of forces in the
insertion direction.

Force sensor

Electrode holder)\v R

Figure 1:Rendering of the insertion tool prototype

2.2 Software

A software was developed for communication with the
sensors, data processing and monitoring of the results. The
graphical user interface was written in C++ and designed with
the framework Qt 5.12.9 (The Qt Company, Espoo, Finland).
In order to enable high-frequency measurements and to
maximize the responsiveness of the data visualisation, a
commercial laptop with a six-core processor (2.3 GHz) was
chosen as the target platform. With the parallelisation of the
monitoring and the data acquisition of both sensors, the multi-
core computing capacity of the processor was utilized.

2.3 Orientation compensation

The one dimensional force sensor measures not only
externally applied forces but also forces caused by the weight
of the electrode holder and the sensor itself. These forces are
not constant, as they vary with orientation changes of the

insertion tool relative to the gravitational field.

The measured signal F; can be divided into the following
components:

Fg(t) = Fg(t) + Fpies + Fo(t) (1

The external force Fy(t) includes all externally acting
forces and is transmitted through the electrode holder. Fg;,, is
a constant, orientation-independent, sensor-specific bias
present in each sensor before it is set to zero. The last
component F,(t) represents the orientation-dependent load;
this is subsequentially caused by both the weight of the
electrode holder and a partial weight of the sensor,
summarized as mgy, , ¢. Therefore, F,(t) can be calculated with
F(t) = mgy,s-a,(t). Due to the one-dimensional force
sensor, only the acceleration along the measurement axis is
considered in a,(t). Hence, a,(t) depends on the orientation
of the insertion tool relative to the gravitational field. With
changes in orientation due to manual use, this force comp onent
corrupts the measured signal.

In order to remove this error from the force signal, the
following expression was derived from equation 1:

Fp(t) = Fs(t) — Fzp + mgy, g (a,(t)— azp) ()

The force F,, and the associated acceleration a,, are
determined at a random time (zero point) at the beginning of
each measurement. Both factors are averaged from 100
measured values. As the measurement axes of the force sensor
and the IMU are aligned, the x-acceleration directly
corresponds to a, (t).

The mass mgy, ¢ cannot be determined with a scale
because only a partial weight of the force sensor acts on its
deformation body. Therefore, a calibration procedure for the
determination of mgy ¢ was developed. For this purpose, the
insertion tool prototype was rotated in an unloaded state with
the electrode holder attached while sensor data were recorded.
Therotation was done manually and aimed at a coverage of all
possible orientations of the measurement axis relative to the
gravitation field. Assuming that no external force was applied
(Fz(t) = 0), equation 2 was solved for mg,,s in each
measuring point and averaged for the entire recording. To
avoid a division by zero, positions close to the starting point
(zero point) were filtered out.

2.4 Experimental evaluation

For the evaluation of the developed algorithm, a 360° rotation
of the insertion tool prototype around an axis perpendicular to
the gravitational field was performed in 45° steps. The tool
was attached to a 3D printed frame, ensuring its stable fixation
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and enabling a change of orientation around two axes in 45°
steps. To average out sensor noise, the mean value of the
corrected force was calculated in each step based on 300
measured values over three seconds. As no external load was
applied, the compensation algorithm was expected to provide
an orientation-independent force of F;(t) = 0 mN. Two test
series each featuring orientation changes of the insertion tool
prototype around a specified rotational axis were performed
with a focus on residual errors. The rotational axes were
defined to be perpendicular to the flat side of thetool for test
series A (see Figure 2a) and perpendicular to the wide side of
the tool for test series B (see Figure 2b). Since the force sensor
is not rotationally symmetric along the measurement axis, this
differentiation aimed at investigating the influence of the
rotation axis on the measurement signal. As highlighted in
Figure 3, the strain gauges are only attached to one side of the
deformation body. Torques occurring around the y-axis (test
series A) thus have a different impact on the measurement
signal than torques around the z-axis (test series B).

a) h) I
Figure 2:Different rotation axesof the insertiontool

prototype with marked rotation steps. (a) Test series A.

(b) Test series B. .

=

Strain gauges

Figure 3:0ne dimensional force sensor KD24s. Highlighted
surface indicates placement of strain gauges

3 Results

3.1 Software

The developed software enables the fusion of signals from the
force sensor and the IMU with a frequency of up to 100 Hz.

The corrected force is calculated and provided as feedback in
a graphical user interface with an average latency of 10ms. In
addition to online monitoring (see Figure 4), the measured and
corrected forces can be saved toa CSV file.
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Figure 4:Graphical userinterface sub-window foronline
monitoring of measured and corrected forces.

3.2 Experimental evaluation

Five recording trials were performed for each test series (total
n=10). The comparison of measured and corrected force
demonstrates the impact of the developed algorithm
(Figure 5). The mean residual errors with the corresponding
standard deviation are presented in Table 1.
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Figure 5:Exemplary comparison of measured and corrected
forces fortrial 5in test series B.

Table 1: Mean residual error and standard deviation of corrected
forces, while performinga 360° rotation.

Meanresidual Standard deviation

error of the error
Testseries A 0.399 mN +0.256 mN
Testseries B 1.622 mN +1.107 mN
Testseries A+B 1.011 mN +1.008 mN
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The results for the individual rotation steps for test series A
and B are shown in Figure 6 as a boxplot, to illustrate the
spread of the five repetitions.

Figure 6:Boxplot of residual errorsof the corrected force for
each rotational step in test seriesA (n=5) and test
series B (n=5).

4 Discussion

The proposed tool and software was developed to facilitate
accurate recording of EA insertion forces during CI surgery.
Such recordings can be used as surgical feedback to prevent
intracochlea trauma.

Assumingthe measured insertion forces with the insertion
tool are comparable to forces determined in experiments with
artificial cochlear models attached to a force sensor [5],
insertion forces between 65 mN and 110 mN are expected.
Measured forces at a full rotation of over 200 mN (see
Figure 5) show the considerable influence of the electrode
holder and sensor weight on the measurement signal. Although
such extreme angular changes are not to be expected during
EA insertion, the need for a corrected signal is evident. The
mean residual error in test series A of the corrected force of
0.399 mN results in an additional measurement error of less
than 1% of the expected forces and lies in an acceptable range.
In contract, the mean residual error in test series B of
1.622 mN is four times larger, which leaves room for
improvement.

The data shown in Figure 6 indicates a systematic
behaviour and one possible explanation is the S-shaped
geometry of the force sensor (see Figure 3). The position of
the strain gauge is assumed to be the cause for the sinusoidal
course of the residual error (see Figure 6 test series B). During
rotation, a torque acts on the deformation-body that is highest
in the perpendicular orientation to the gravitational field and
non-existent in the parallel orientation. This torque generates

an additional compressive force in the strain gauge area in the
first half ofthe rotation and a tensile force in the second half.

5 Conclusion

A new software for the measurement of manual EA insertion
forces is presented. The software enables the correction of
orientation-dependent forces in a manual force sensitive
insertion tool. The high frequency of the sensor signal fusion
and the calculation of the corrected force enables an almost
delay -free visualisation. The combination of the insertion tool
and the developed software enables the online monitoring of
orientation-indep endent insertion forces.

The aim of future research is to analyse the remaining
error and to design a computational model that eliminates it.
In addition, possible strategies to provide surgeons feedback
about the corrected forces will be investigated.
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