2009 IEEE International Conference on Robotics and Automation
Kobe International Conference Center
Kobe, Japan, May 12-17, 2009

Model and Parameter Identification of Friction during Robotic
Insertion of Cochlear-Implant Electrode Arrays
Jian Zhang, Samrat Bhattacharyya, Nabil Simaan*, Member, IEEE


Abstract—Robot-assisted cochlear implant surgery was
proposed and proved to be efficient in reducing insertion forces
on acrylic scala tympani models. During experiments, the
authors discovered that the insertion force not only depends on
the shape discrepancy between the scala tympani and the
inserted electrode array, but also on the insertion speed. This
paper presents a friction model that describes the whole
insertion process and investigates the relationship between the
insertion speed and the insertion force. Experimental and
statistical results show the effectiveness of the model. Applying
the friction model generates safety insertion force boundaries
for future insertions and gives the optimal insertion speed. It
also provides predictive force information for insertion speed
feedback control law design which may be applied to
robot-assisted cochlear implant surgeries.
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I. INTRODUCTION

ULTI-CHANNEL

cochlear implants have been developed
for more than 30 years. More than 50 thousand patients
with intact auditory nerves had their hearing restored through
cochlear implant surgery. The cochlear implant system
includes a microphone, a micro-processor, a transmitter, a
receiver and a multi-channel electrode array, Fig. 1(a). It
serves as a bionic ear that helps convert mechanical
vibrations (sound waves) into electrical signals that will
directly stimulate the auditory nerves. It achieves the
functions of the pina, ear drum, auditory ossicles, and some
functions of the cochlea.
Inside the cochlea, Fig. 1(b), the electrode array is inserted
into the scala tympani, which is the bottom channel filled with
bodily liquid. Experimental and clinical trials show various
traumas, including punching through the delicate basilar
membrane or damaging the cochlea bones, during the
insertion process. The traumatic rate of manual insertions is
30% and above according to the literature [1-3]. We believe
large insertion forces will cause trauma. Further, knowing the
relationship between insertion angle (depth) and the insertion
force is crucial when designing feedback control law for
robot assisted cochlear implant surgery.
Previous work related to analysis of friction in cochlear
implant surgery focused on identifying the friction coefficient,
contact pressure distribution, insertion force profiles, etc.
while disregarding the explicit model of insertion force with

detailed insertion process. To the authors’ knowledge, no
work has been published on investigating the relationship
between the insertion force and the insertion speed, and no
statistical analysis has been conducted to generate safe
electrode array insertion force boundaries.
Kha et al. [4] focused on identifying the friction coefficient
between the electrode array and the endosteum lining using a
band break model. They calculated the friction coefficients
for standard straight electrode array with and without
lubricants (glycerin). Roland [5] presented experimental
insertion force result profiles on cadaver cochleas using two
kinds of electrode arrays with different insertion techniques.
Later, Todd et al. [6] extended this idea and showed more
detailed results on mockup scala tympanis including using
various electrode arrays, insertion techniques, and changing
experimental conditions. They also showed that their friction
coefficients are consistent with those in Kha’s work.
Meanwhile, standard Finite Element Analysis (FEA)
methods have been used to analyze the insertion of a flexible
beam into a straight hole with surfaces contacting [7]. Chen et
al. [8, 9] used FEA to calculate the contact pressure between
the electrode array and the scala tympani external wall.
Although these papers presented the contact pressure, no
sensed insertion force was related to it and due to its
limitation on quasi-static equilibrium, they did not consider
relationships between the insertion force and the insertion
speed. However, several friction models [10-14] have been
proposed and some of them show that the friction is a
function of speed.
This paper will focus on presenting a physical feasible
model which could be used to calculate the total insertion
force at any given insertion angle (depth). Also, the
relationship between insertion speed and insertion force is
investigated. Statistical results show the effectiveness of the
model and give the safety force boundaries for electrode array
insertions. All of these will help to design an insertion speed
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Fig. 1. (a) Cochlea implant system and (b) Cochlea anatomy
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feedback control law for a customized robot which will be
used for cochlear implant surgery. Section II explains the
clinical motivation of this research and shows the system
description. Section III describes the insertion force model
and Section IV presents the simulation results. Section V
gives experimental results and conclusion follows in the end.
II. SURGICAL NEEDS AND SYSTEM DISCRIPTION
A. Clinical Motivation
Fig. 2 shows a typical clinical setup for cochlear implant
surgery. Two surgeons operate under a microscope with their
electrode array insertion tools. Insertion tools include
standard tweezers, rat claws, advance off-stylet tool, etc.
With different tools, standard insertion technique, advance
off-stylet technique, or partial withdraw technique could be
used. However, none of these tools or techniques provides a
direct force measure or feedback to the surgeons.
Microscope

Surgeon

Patient

1 mm

Assistant
Scala tympani
entrance

Electrode
array

Fig. 2. Clinical setup for cochlear implant surgery

Different electrode array designs have also been proposed
and applied. The most common electrode array is a standard
straight electrode array which has a tapered shape from the
bottom to the tip while some products may use a softer tip.
Some other electrode arrays are pre-coiled with a platinum
sheath in the middle. Once the sheath is pulled out, the
electrode array coils into a curve that is similar to the scala
tympani. These passive flexible electrode arrays are usually
very small (less than Φ1mm in diameter), flimsy and easy to
buckle during insertions.
With limited force information collected from the tools and
inadequate control over the shape of the electrode array, the
insertion is very difficult to perform manually. Although
fluoroscopy imaging helps surgeon see how the electrode
array is inserted [5], the application of such technique during
insertions is very rare. In order to achieve a smaller insertion
force, a steerable electrode array was designed [15].
Preliminary research showed that robot assisted cochlear
implant can reduce the insertion force significantly [15, 16].
The manual electrode array insertion process could be
finished by a robot manipulated by a surgeon. To control the
robot, one crucial problem is to propose an insertion speed
feedback control law that helps achieve optimal insertion
with minimal insertion force. This control law design will
require a physical model that describes the insertion force
versus insertion angle (depth) and insertion speed.
Meanwhile, a safety boundary of insertion forces is necessary
for the surgeons to intervene if the force exceeds the limit.

B. System Description
The anatomical structure of the cochlea is a 3D spiral curve.
Cohen et al. [17] used statistical method in characterizing the
geometric dimension of planar scala tympani. The backbone
curve of the scala tympani is expressed in Eq. (1), where r, z,
and θ are the cylindrical coordinates of this curve (r is the
radial distance to the curve, z is the height, and θ is the angle).
The values of the constants a, c, b, d, θ0, p are based on [17].
 c 1  d log       100  
0
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Based on this model, Cochlear Inc. created planar scala
tympani models that are used for training surgeons. We used
one of these models to measure insertion forces. Because the
model is transparent from the top, it provides good conditions
for subsequent image analysis.
The commercial external wall (straight) electrode array we
used is from MedEl Corp. Its fully inserted length is about
26mm long with a Φ1.2mm bottom tapered into a Φ0.6mm tip.
The size is relatively large compared to some of other
commercial products. A total number of 11 platinum bands
are distributed evenly from the tip of the electrode array. We
use these straight electrode arrays because when inserted, due
to bending of the electrode arrays, it guarantees full contact
between the electrode arrays and the scala tympani external
wall. It makes the calculation for friction easier.
III. MODELING
The electrode array is essentially a flexible beam. It is
inserted into a rigid planar scala tympani model fixed on a
platform. Fig. 3 shows the planar (2D) static model of an
electrode array in which it is divided into multiple rigid
elements. They are connected via spring joints which transmit
compression and torsion between adjacent elements.
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Fig. 3. Static modeling of an electrode array
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Static equilibrium of element i is shown in Eq. (2), where
j
m i ( j  i  1, i  1) includes torque generated from torsional
spring and the connecting element. Since the relationship of
internal forces always holds, Eq. (3). The combined force at
the end of the electrode array is given by Eq. (4).
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Using a single degree of freedom force sensor, the only force
sensed is along the insertion direction which is x̂ w . Therefore,
the amplitude of the sensed force is given by Eq. (5).
Fins _ x  f ins  x w
(5)
To calculate the normal force n i and local friction force f i ,
a contact pressure distribution was assumed between the
inserted electrode array and the scala tympani model. This
pressure distribution has been previously solved in [8] and an
approximately linear distribution from the electrode array tip
along the contacted portion was observed, Fig. 4.
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Fig. 4. Electrode array contact pressure distribution

The contact pressure distribution we assumed is shown in
Eq. (6).
s
~
p (d , scon )  ptip (d )  con ( pbot (d )  ptip (d ))
lcon

(6)

where o c is the center of the scala tympani model. lcon
represents the contacted arc length. scon=0 is the tip of the
electrode array and scon= lcon is the point where the electrode
array starts leaving the external wall of the scala tympani.
Contact start angle  bot is the angle where lcon locates and
con is the contact angle. This pressure distribution is also a
function of electrode array insertion depth d, [8].
We considered the Stribeck friction model in this paper. A
common nonlinear friction model [13] is given by Eq. (7):
 v / vs

s

the electrode array and the Teflon scala tympani model was
0.12 obtained by [4] and a value of 0.18 was used for the
kinetic friction coefficient based on [6]. Four different
scenarios have been considered and simulated using the
values in TABLE I. Results of these simulations are shown in
Fig. 5 and TABLE II.
Simulation S1 shows a fixed pressure range that is linearly
distributed over the contacting area. The linear contract
pressure distribution is shown as Eq. (6). As the contact angle
con increases, the contact pressure attenuates at any given
position. S2 assumes a constant contact pressure at the tip and
a linear increase in the pressure pbot at the bottom. In S3, both
ptip and pbot change during insertion. This is consistent with
the results from the work of Chen et al. [8]. The contact start
angle  bot in Fig. 4 decreases, meaning during insertions, the
contact start point scon= lcon moves backwards while the
electrode array tip moves forward, resulting in a
bi-directional expansion of contact between the electrode
array and the whole scala tympani external wall. This
assumption is later validated by our experiments. The values
of the contact start angle in S3 were statistically obtained
from our preliminary experiments. S4 implemented the
Stribeck friction model in sensed insertion force Fins _ x while
keeping other parameters the same as S3.
Fig. 5 shows the simulations of the simulation results using
MATLAB. S1 plot shows a decreasing insertion force as the
insertion goes deep which doesn’t reflect the real situation
according to our preliminary experiments. S2 to S4 show
similar increasing sensed forces. TABLE II shows the
simulation results of S4 based. Notice that the insertion force
decreases when insertion speed increases.
Trial
1
2

(7)
where f s   s N and f c  N are static and kinetic frictions. vs
is Stribeck velocity and  s is a known constant. fvv represents
the viscous friction which is negligible in this case.
Because the sensed insertion force Fins _ x is a function of
 fvv

friction as shown in Eqs. (4) and (5), it is also a function of
insertion speed v. By introducing Eq. (7) into the model,
insertion speed is considered in the sensed force and will be
implemented in the simulation and validated in experiments.
Though our analysis is for planar insertion, it is valid for
3D scala tympani because its helix angle is constant.

Fig. 5-S1

bot  1.40 rad, ptip=0.1MPa,

Fig. 5-S2

pbot increases linearly within the range [0.04, 0.2]MPa

3

ptip = [0.03, 0.04, 0.06, 0.08, 0.09, 0.1] MPa
pbot = [0.04, 0.05, 0.07, 0.01, 0.15, 0.2] MPa
 bot = [1.83, 1.66, 1.48, 1.31, 1.13, 0.96] rad

Fig. 5-S3

4

Same as 3 and with Stribeck friction model.

Fig. 5-S4

IV. SIMULATION RESULTS
A 2D insertion simulation was conducted to calculate the
insertion force Fins _ x along the insertion direction based on
given information. The kinetic friction coefficient between

Figure

bot  1.40 rad, ptip=0.1MPa, pbot=0.15MPa

Sensed Force Fins [g]

f (v )  f c  ( f s  f c )e

TABLE I
SIMULATION CONDITIONS
Conditions

Contact Angle con [rad]
Fig. 5. Insertion simulation results
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Slight decrease in S4
compared to S3. S4 is
using Stribeck model,
see TABLE II

TABLE II
SPEED EFFECT FOR SIMULATION S4

con (rad)
1.48
1.92
2.44
3.05
3.75
4.28

Simulated Sensed Force (grams)
v = 0.5 mm/s
v = 3 mm/s
v = 7.5 mm/s
0.70
0.69
0.69
1.12
1.10
1.10
1.91
1.89
1.88
2.90
2.87
2.87
3.89
3.86
3.84
4.63
4.55
4.54

Our simulation results in Fig. 5 and TABLE II suggest that
the Stribeck friction model coupled with a linear contact
pressure distribution based on Eq. (6) are suitable for
modeling the behavior we observed in our preliminary
experiments. The following sections will use the Stribeck
friction model to describe our experimental validations,
tuning of the Stribeck friction model, and will validate the
values of con as a function of insertion angle.

accompanying video of this paper shows the comparison
among insertions with different speeds.
After the experiments, 25 images were captured from the
video clip for each insertion process. Canny filters were
applied and segmented images were used to register the
center of the scala tympani model based on Eq. (1), Fig. 7.
Once the center was determined, the contact angle  con could
be found using the same method. Fig. 8 shows an insertion
process that was digitized. TABLE III gives the angle values
calculated from Fig. 8.
(a)
(b)

Oc

V. EXPERIMENTAL RESULTS

Fig. 7. Segmentation of insertion images (a) raw image
(b) grey scale image (c) Canny filter (d) edge detection

A. Experimental Setup
Fig. 6 shows the experimental setup with a planar 1:1 scala
tympani model from Cochlear Inc. An AG NTEP 5000d
single axis force sensor was used in the setup to measure the
axial insertion force of the electrode array and it is capable of
detecting ±0.1g force using a 13 bit A/D acquisition card. The
robot position control was achieved using Linux Real Time
Application Interface (RTAI) with a closed loop control rate
of 1 KHz. Constant insertion speed was achieved by offline
path planning of the single axis robot.
4

System components:
1. Single axis

2

insertion robot
3

2. Planar scala

1

v
Fig. 6. Experimental setup

(d)

(c)

1

2

3

4

5

6

Fig. 8. Insertion process
TABLE III
SEGMENTATION RESULTS FOR INSERTION ANGLE (RAD)
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
8-1
8-2
8-3
8-4
8-5
8-6
1.68
1.41
1.26
0.94
0.77
0.84

tympani model

bot

3. Electrode array

con

1.17

1.71

2.23

3.04

3.61

3.63

4. Single axis force

 tip

2.84

3.12

3.49

3.98

4.38

4.47

When inserting the electrode array into the planar scala
tympani model, the scala tympani channel was fully filled by
glycerin solution, which is a common lubricant, to simulate in
vivo conditions. Also, during insertions, an overhead video
recorder was used to provide high resolution images.
B. Experimental Results
Five groups of experiments were conducted with 5 different
insertion speeds (0.5, 1.5, 3, 5, 7.5 mm/s). Due to space
limitation, we presented only three groups in this paper (0.5, 3,
7.5 mm/s). Other groups were consistent with the three
presented here. The insertions in each group were carried out
up to 15 mm in depth. For any given insertion speed v, each
insertion was repeated 10 times to show repeatability and
collect data for statistical analysis. A total number of 50
insertion process video clips were recorded. The insertion
forces were saved into separate files for further analysis. The

The insertion force profiles were generated using saved
data and plotted versus the contact angle. Further, the
relationship between insertion force and insertion angle  tip
was derived, since  tip   bot   con .
Fig. 9 through Fig. 11 show the experimental results with
insertion speeds 0.5, 3 and 7.5 mm/s. As shown in each plot,
the insertion force profiles are highly repeatable. The
corresponding simulation results are also superimposed on
the figures.
In Fig. 9, the simulated insertion matches with the
experimental data very well. In Fig. 10 and Fig. 11, both the
simulated insertion forces and the experimental insertion
forces decrease as the insertion speeds increase. In the
experimental results, the maximal insertion forces are
decreased by 24% (v=3mm/s) and 43% (v=7.5mm/s)
compared to v=0.5mm/s. The small decrease of the simulated
insertion forces when speed increases can be directly seen
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Sensed Force Fins [g]

from TABLE II. However, in these two figures, neither of the
simulated insertion force fitted the experimental data well.

our model to experimental results, some assumptions related
to hydrodynamic effect of the lubricant have to be considered.
When the relative speed between the electrode array and the
scala tympani model exceeds an upper limit, the lubricant’s
hydrodynamic effect helps forming a macro-invisible layer of
liquid that keeps the flexible electrode array away from the
external wall of the scala tympani model. Therefore, the
pressure distribution changes and results in a bigger decrease
in the insertion force than what is predicted using the Stribeck
model.
C. Statistical Analysis
Based on the experimental results we collected with each
insertion speed, we derived safety boundaries for the
insertion forces. From 10 experimental force profiles in each
group at any given speed, a log plot log e ( Fins ) versus  con was
generated. Fig. 12 shows the log plot of v=0.5mm/s and other
groups share a similar graph. Then, a linear regression, Eq.
(8), was applied to solve for coefficients c1 and c2. The use of
regression over log e ( Fins ) allows a linearization of our
non-linear regression problem [18].
log e ( Fins ( con ))  c1 con  c 2
(8)
Finally, the exponential of Eq. (8) results in the non-linear
fitting model, Eq. (9).
Fins ( con )  e c1con c2
(9)

Sensed Force Fins [g]

Contact Angle con [rad]
Fig. 9. Insertion force results with simulated results, v = 0.5 mm/s

Sensed Force Fins [g]

Loge(Fins)

Contact Angle con [rad]
Fig. 10. Insertion force results with simulated results, v = 3 mm/s

Contact Angle con [rad]
Fig. 12. Log plot of the insertion force, v = 0.5 mm/s

Contact Angle con [rad]
Fig. 11. Insertion force results with simulated results, v = 7.5 mm/s

In Fig. 10 and Fig. 11, although we used Stribeck friction
model, the speed related friction force comprises only a small
portion of the total sensed insertion force from Eq. (4). The
difference between the static and kinetic friction coefficients
used is small due to use of lubricant. Therefore, the
contribution of the decrease in friction to the total insertion
force is small.
When the insertion speed increases, the pressure
distribution of the contacting area between the electrode array
and the scala tympani must have changed, causing a big
decrease in the sensed total insertion force. In order to adapt

Average Sensed Force [g]

Fig. 13 through Fig. 15 show the non-linear fitting results
for three different insertion speeds. From the fitted curves, it
is evident that insertion forces decrease with an increase in
the insertion speed.

Contact Angle con [rad]
Fig. 13. Non-linear fitting and safety boundaries, v = 0.5 mm/s
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Contact Angle con [rad]
Fig. 14. Non-linear fitting and safety boundaries, v = 3 mm/s

Contact Angle con [rad]
Fig. 15. Non-linear fitting and safety boundaries, v = 7.5 mm/s

Confidence intervals (95%) for the insertion force were
statistically generated for our fitted model in Eq. (9). These
intervals combined with our fitted model are also shown in
Fig. 13 through Fig. 15 as upper and lower boundaries, which
are useful for surgeons. During surgery, surgeons have to
decide the insertion depth at which deeper insertion is likely
to cause potential traumas. In addition, these results can be
used for robot-assisted cochlear implant surgery.
VI. CONCLUSION
In cochlear implant surgery, small insertion forces are
critical to avoid trauma throughout the whole insertion
process. Our preliminary experiments show that the insertion
force is not only related to the insertion angle (depth), but it is
also a function of the insertion speed. To investigate this
phenomenon, this paper presented a model that implemented
the Stribeck friction model, which correlated the insertion
force to the insertion speed. Simulations showed that the
Stribeck friction model together with a linear contact pressure
distribution was effective in explaining the phenomenon we
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on lubricant’s hydrodynamic effects that may reduce the
contact pressure and hence further decrease the insertion
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statistical safety boundaries that could be used as predictive
information for insertion speed force feedback in
robot-assisted cochlear implant surgery. Future work will
focus on calibrating and validating the Stribeck model on
cadaver temporal bones.
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