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Abstract
Tissue trauma is a frequent complication of cochlearimplan-
tation (Cl) surgery, but the relationship between intracochle-
artrauma, electrode insertion forces, and surgeons’ ability to
perceive these forces is poorly understood. In this study, we
simulated Cl surgery using a benchtop apparatus to repeat-
edly apply small forces to the subjects’ hands while reducing
the variability in their hand movements. We used a psycho-
physical testing procedure to estimate the force perception
thresholds of 10 otologic surgeons and found a median
threshold of 20.4 mN. Theresults suggest that surgeons have
the capability to sense at least some insertion forces and are
likely to perceive severe trauma such as occurs when the
electrode crosses from one scala to the other.

©2016 S. Karger AG, Basel

Introduction

Cochlear implants have been described as the most
successful neural prostheses [Wilson and Dorman, 2008],
yet estimates of complication rates in the literature range
from 4 to 40% [Brito et al., 2012], and suboptimal hearing

outcomes are one potential effect of these complications.
Surgeons do not usually report significant physical resis-
tance when advancing an electrode into the cochlea, but
intracochlear trauma is known to occur frequently. For
example, electrodes translocate from the scala tympani to
the scala vestibuli in approximately one third of cochlear
implantation (CI) surgeries [Aschendorff et al., 2007;
Skinner et al., 2007; Finley et al., 2008]. In previous work,
we measured forces while advancing a probe representing
an electrode from the scala tympani to the scala vestibuli
of cadavers [Schuster et al., 2015], passing through the
basilar membrane and other structures separating the
vestibuli. We were not able to characterize the percepti-
bility of the forces recorded in these experiments because,
to the best of our knowledge, no previous study has inves-
tigated surgeons’ abilities to perceive electrode insertion
forces during CI surgery.

Perceptual abilities are challenging to measure because
they relate to subjective states of awareness which cannot
be directly observed. Rigorous methods that address this
measurement problem are found in the field of psycho-
physics [Kingdom and Prins, 2010; Jones and Tan, 2013],
a discipline concerned with the relation between physical
stimuli and human perception. Systematic measurement
of force perception began with the work of Fechner and
Weber in the 19th century [Gescheider, 2013], and psy-
chophysical methods are now used widely in applications
requiring quantification of sensory abilities. Testing pro-
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cedures used routinely in audiometry and optometry, for
example, are informed by the extensive psychophysics lit-
erature.

In modern psychophysics, perception is viewed as a
random process in which the perceptibility of a fixed
stimulus intensity varies with repeated application of the
stimulus. Perception is understood to occur in the pres-
ence of noise, including both external noise and the in-
trinsic noise of the sensory system. Thus, multiple mea-
surements are needed to estimate the minimum stimulus
intensity that an individual can perceive (i.e. the absolute
threshold, hereafter abbreviated as the ‘threshold’). Stair-
case procedures are one widely used method for estimat-
ing thresholds from multiple trials [Leek, 2001; Kingdom
and Prins, 2010]. Typically, staircase trials begin with pre-
sentation of a large, easily perceivable stimulus intensity,
which is reduced by fixed increments until the subject can
no longer perceive the stimulus. The stimulus intensity is
then increased by fixed steps until it is again perceptible,
at which time the direction of the steps is again reversed.
A threshold (quantified as a targeted performance level
on a psychometric function) [Leek, 2001] is estimated by
averaging all of the reversal points at which the stimulus
changes direction. Often, an ‘n down, 1 up’ rule is used in
which n successive correct responses are required before
the stimulus can be decreased. The convergence of a giv-
en staircase sequence to a threshold depends on the stim-
ulus intensities, the step sizes, the number of trials, and
other factors [Garcia-Perez, 1998].

Psychophysical experiments are prone to errors caused
by subjects’ desire to perform well. For example, subjects
may affirm the presence of a stimulus even when it is ab-
sent or imperceptibly small. Such bias is of particular con-
cern in the present study because the subjects, who are
surgeons, may interpret success at the experimental task
as an indicator of occupational skill. A standard method
to eliminate such bias in psychophysics experiments is
the 2-alternative forced-choice (2AFC) method. Rather
than replying ‘yes’ or ‘no’ to the presence of a stimulus,
subjects are forced to choose between randomly assigned
noise and stimulus alternatives. The effects of subjective
preference are mitigated because the correct alternative is
presented in a random sequence.

Much of the psychophysics literature relates to the
hand and fingertips [Jones, 1986; Jones and Lederman,
2006], but few studies have examined absolute force per-
ception thresholds under conditions comparable to CI
surgery. Force thresholds have been measured in the
context of diabetic neuropathy testing [Bell-Krotoski
and Tomancik, 1987; Voerman et al., 1999], but the point
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forces applied in neuropathy testing do not resemble the
distribution of pressure across a surgeon’s gloved palm
and fingertips when grasping a forceps to implant an
electrode. Loads distributed across one or more finger-
tips have been tested by developers of haptic devices.
Dosher and Hannaford [2005] used a forced-choice,
adaptive testing protocol to measure forces applied to the
fingertip with a haptic device and reported average de-
tection thresholds ranging from 30.1 to 50.4 mN. Using
a similar psychophysical testing protocol, King et al.
[2010] applied forces to multiple combinations of finger-
tips and reported a threshold range of 27.8-34.0 mN.
Baud-Bovy and Gatti [2010] transmitted force via a robot
end effector to a spherical handle grasped by a subject
and reported a minimum threshold of 49 mN when the
subject was allowed to move the handle to seek the direc-
tion of the force. These studies advance our understand-
ing of the hand’s sensitivity, but the configurations of
these devices did not resemble the grasp and motion used
in CI surgery.

In this study, we use a 2AFC staircase procedure to es-
timate the absolute force perception thresholds of a group
of otologic surgeons, using an apparatus specifically de-
signed to replicate the arm posture and forceps grasp used
in CI surgery.

Methods

We recruited 12 subjects for this study by e-mail, phone, and
personal communications, and stipulated that all were otolaryn-
gologists who actively performed CI surgery in their clinical prac-
tice, or otolaryngology residents at a residency training program
approved by the Accreditation Council for Graduate Medical Edu-
cation (ACGME). Postgraduate year 1 residents were excluded, as
they have little or no training or experience in otologic surgery in
the first year of residency. The demographics of the subjects are
presented in table 1. Seven subjects were residents or fellows, and
5 were attending surgeons. Two subjects were excluded from this
study for reasons discussed in Results. All subjects were male. This
study was approved by the Vanderbilt University Institutional Re-
view Board, and all subjects signed informed consent after review-
ing the risks and benefits of participation.

Threshold testing requires application of stimuli that have
known intensities. We used Semmes-Weinstein monofilaments
(SWM), which are handles embedded with a nylon monofilament
(a single strand of filament), to apply forces. Each filament is cali-
brated to buckle when a force applied along the filament axis ex-
ceeds a particular intensity. SWM are a standard clinical tool for
the assessment of cutaneous sensory function, and they are used
regularly to evaluate diabetic peripheral neuropathy. They are rec-
ommended by the American Diabetes Association [Mayfield et al.,
2004], and their mechanical reliability has been thoroughly dem-
onstrated [Haloua et al., 2011].
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Fig. 1. a An opaque curtain is placed between subject and the test-
ing device to prevent visual observation of the experimental appa-
ratus and the experimenter during trials. The curtain ensures that
the subject experiences only tactile feedback and cannot see his or
her tested hand, which may contain an experimental SWM handle
(with filament) or a control handle (with the filament removed).

Table 1. Demographics of the subjects included in the analysis of
force perception thresholds

Residents/fel-  Attendings
lows (n=4)
(n=6)
Average age, years 30.5(27-36) 53.5(37-79)
Fellowship training completed
Otology/neurotology n/a 3(75)
Pediatrics n/a 1(25)
CI surgeries, n/month n/a 4(3-9)

Values are presented as medians (range) or numbers (%). All
subjects were male and right-handed. n/a = Not applicable.

Table 2. SWM were selected from the standard clinical set to span
the expected range for the force threshold during CI surgery

Force, g Force, mN
0.4 3.9
0.6 5.9
1 9.8
1.4 13.7
2 19.6
4 39.2
6 58.8
8 78.5
10 98.1
15 147.1

The SWM are presented in both grams, which are customary
for SWM, and millinewton force units.
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b Top view of a seated subject. The subject’s dominant hand is in-
serted through a slit in the curtain, which is covered with an ad-
ditional flap of curtain fabric to prevent observation of the testing
apparatus through gaps around the wrist. The experimenter (not
shown) sits opposite from the subject. The curtain prevents the
subject from visually observing the experimenter.

In clinical usage, a physician grasps an SWM handle and
presses the filament tip into the patient’s skin until the filament
buckles. In our experiment, the subjects grasped SWM handles
as they would hold a forceps to implant a cochlear implant elec-
trode, with the filament in the approximate position of an elec-
trode. By buckling the filament, a calibrated force was applied to
the subjects’ hands in a way that resembled the transmission of
force through CI forceps (we describe how the filaments were
buckled shortly).

SWM are provided in a standard set of buckling forces, which
follow a logarithmic scale [Mueller, 1996]. A logarithmic scale is
used because the perceived intensity of sensory stimuli is approxi-
mately proportional to the logarithm of the intensities of those
stimuli. We selected a range of 8 SWM force intensities, listed in
table 2, to span the anticipated threshold range of all subjects.

Prior to testing, the subjects were seated behind an opaque cur-
tain, shown in figure 1, which prevented them from seeing both
their tested hand and the experimenter. The subjects donned a
suitably sized surgical glove on the dominant hand and passed this
hand through a slit in the curtain, which was covered by an addi-
tional flap of fabric to prevent observation of the tested hand
through the slit.

A testing device shown in figure 2, was located behind the cur-
tain. We designed this device to cause reliable buckling of the
SWM filaments and to reduce variability in the motion of the
SWM handles among the subjects. Because the subjects could not
see their tested hands, the testing device was needed to guide the
motion of the handle between two fixed positions. Before com-
mencing each trial, the experimenter guided the end of the SWM
handle into the starting fixture of the testing device, as shown in
figure 3b, which cradled the handle above a target surface. The dis-
tance between the starting fixture and the target surface was fixed,
but the mutual height of these components above the tabletop was
adjustable. The experimenter adjusted this height, as shown in fig-
ure 3a, such that the SWM handle was approximately parallel to
the tabletop when the tip of the handle was in the starting fixture.
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Fig. 2. Custom-built testing device used to model the advancement
of forceps and transmission of contact forces during CI surgery.
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Fig. 3. a Before commencing trials, the experimenter adjusts the
testing device such that the SWM handle is approximately parallel
to the tabletop when it is placed in the starting fixture. b To begin
a trial, the experimenter retracts the starting fixture and the subject
lowers the SWM handle until it contacts the stopping plate. ¢ In
experimental trials the filament is buckled when the handle is in
contact with the stopping plate. d In control trials no filament is
attached to the handle.

Without a means to adjust the height of the starting fixture, the
SWM handle would be initially inclined with respect to the target
surface at an angle determined by the width of the subject’s palm.
Such initial angulation of the handle could have caused the fila-
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Fig. 4. Plot generated from the responses of a single subject dem-
onstrating correct and incorrect responses and the resulting stair-
case. Three correct responses were required before decreasing the
stimulus intensity. This plot shows 3 reversal pairs consisting of 6
reversal points. A reversal point is defined as a change in direction
of the plot.

ment to contact the target surface at a steep angle and possibly skid
or bend rather than buckle.

To commence a trial, the experimenter pulled a handle to re-
lease the end of the SWM handle from the starting fixture, as
shown in figure 3b. The subject then followed instructions to low-
er the handle until it contacted a stopping plate, a position in which
the filament was buckled against the target surface, as shown in
figure 3c. Alternately, if a control handle without a filament was
used as discussed below, the handle rested against the stopping
plate as shown in figure 3d. The target surface was covered in sand-
paper to prevent sliding of the filament tip. The height of the stop-
ping plate was chosen to be slightly shorter than the shortest fila-
ment length in order to stop advancement just after buckling, pre-
venting the filament from bending severely or skidding on the
target surface.

Our testing procedure with the apparatus followed a 2AFC, 3
down, 1 up (3D1U) staircase procedure. Previously, Tracey et al.
[2012] evaluated the test-retest of several 2AFC procedures for
SWM testing of tactile thresholds. The authors found that a test-
retest reliability coefficient greater than 0.80 could be achieved
with as few as 2 reversal pairs using a 3D1U method. Encouraged
by these results, we adapted the 2AFC-3D1U procedure to esti-
mate surgeons’ force perception thresholds.

Before commencing trials, the experimenter read instructions
to each subject from a script. To implement the 2AFC method, a
control SWM was prepared by removing the filament from a stan-
dard SWM handle, as illustrated in figure 3d. In each trial, the con-
trol SWM device and one SWM device from the set listed in table 2
were presented in random order. The experimenter placed an
SWM handle (either a normal SWM or the control) in the subject’s
hand and then placed the handle in the starting fixture. After re-
tracting the starting fixture, the experimenter read scripted in-
structions to the subject to begin lowering the SWM handle at the
speed he would use to insert a CI electrode, until the SWM handle
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Table 3. Force perception threshold statistics computed from 10
otolaryngological surgeon subjects

Residents/fellows Attendings  All

(n=6) (n=4) (n=10)
Median, mN 20.4 26.6 22.3
Minimum, mN 10.8 17.4 10.8
Maximum, mN 33.6 36.5 36.5

contacted the stopping plate. This sequence was then repeated with
the second device of the 2AFC pair. Following each 2AFC pair, the
subjects were instructed to report which device (the first or the
second) was associated with force sensation.

Our staircase procedure began with a filament buckling
strength of 39.2 mN, which we predicted would be perceivable by
all subjects at all times. After 3 consecutive correct 2AFC trials, the
filament strength was decreased by 1 step in the series listed in
table 2. Conversely, an incorrect response, implying an inability to
perceive the presented force, was followed by an increase in fila-
ment strength in the subsequent trial. All subjects were tested with
25 pairs of filaments. A force perception threshold was calculated
for each surgeon using the arithmetic mean of the log-transformed
stimulus intensity values (thresholds are calculated in units in
which the steps are constant) [Garcia-Perez, 1998]. One represen-
tative staircase plot is shown in figure 4.

Results

Using the 2AFC-3D1U staircase procedure, we found
a median threshold of 20.4 mN, with a range of 10.8-36.5
mN, as listed in table 3. All 12 subjects completed testing,
but 2 (1 resident and 1 attending) were excluded from the
analysis because their performance exceeded the range of
SWM filaments given in table 2 during staircase testing.
One subject exceeded the maximum strength filament in
our set, and the other exceeded the weakest filament.
Thus, we were not able to compute thresholds for these 2
individuals.

Discussion

Electrode insertion forces during CI surgery range
from approximately 0 to 250 mN. We reported a median
force perception threshold of 22.3 mN, which suggests
that surgeons have the capability to perceive at least some
forces in CI surgery. To date, no study has measured force
perception thresholds as they pertain to CI surgery. Force
thresholds for other surgical tasks have been examined
[Zhou et al., 2008] but, to our knowledge, this study is the
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first to measure surgeons’ force perception thresholds us-
ing psychophysical methods. The results may aid the de-
sign of less traumatic CI surgical techniques and devices.

Electrode insertion forces may depend on the speed of
insertion, the type of electrode, the insertion tool, the
intracochlear anatomy, and other factors. Furthermore,
forces vary continuously during insertion, and force pro-
files vary from surgery to surgery. To control for the many
possible sources of variation in the clinical environment,
we standardized the subjects’ hand motions and applied
forces of constant magnitude. By applying forces abrupt-
ly and in the absence of preexisting forces, we sacrificed
some fidelity to clinical conditions. Rapidly changing
forces that are applied in the absence of other forces may
be easier to perceive than forces that rise gradually [Jones
and Lederman, 2006]. Thus, the ability to identify trau-
matic forces may be diminished when experienced in
combination with other forces of benign origin. Before an
electrode rounds the basal turn, frictional forces on the
electrode are often very small, and thus our results are
directly applicable to the perceptibility of forces during
this phase of the surgery.

Previously, we reported a median force of 88 mN to
puncture the inner membrane of the scala tympani with
aprobe [Schuster et al., 2015]. Puncture of this membrane
occurs when electrodes translocate from the scala tym-
pani to the scala vestibuli, a traumatic event that occurs
in approximately one third of CI surgeries. Our present
results suggest that this frequent form of trauma is per-
ceptible to surgeons, though the puncture forces we mea-
sured directly at the membrane may be higher than the
forces transmitted to the hand during puncture.

Conclusion

Surgeons’ force perception thresholds can be estimat-
ed using a simple, benchtop model of CI surgery. We es-
timated force thresholds using psychophysical testing
methods, which are beneficial for handling variability and
bias.

To improve the measurement of force perception
thresholds, future work should aim for greater fidelity to
clinical conditions. Time-varying forces could be applied
by an actuator, but haptic rendering of small forces is
technically challenging [see Gurari and Baud-Bovy, 2014,
for an example]. Force sensors have been used to con-
tinuously measure insertion forces in both cochlear phan-
toms and cadaveric specimens [Majdani et al., 2010], and
instrumentation could be developed to acquire in vivo
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force measurements. However, when recording forces
over time, threshold estimation will be complicated by
the reaction time delay between the onset of force percep-
tion and the surgeon’s signal that a force has been per-
ceived. Reaction times range from approximately 100 to
200 ms, which would make it difficult to distinguish a
perceived force from nearby values on a rapidly fluctuat-
ing force recording. Furthermore, methods will be need-
ed to control for false positives in cadaveric or in vivo
experiments. Our experimental model is easily replicable,
controls for false positives, and could be used to enlarge
the available data while more elaborate methods for esti-
mating force perception thresholds in CI surgery are de-
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