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references attached to the patient’s head and the robot’s end effector.
This ensures critical compensation of minor patient movements (i.e.,
as a result of the finite stiffness of the head rest) and any remaining
positional inaccuracies of the robot’s internal differential position en-
coders (up to 0.3 mm in a 200 mm x 200 mm X 200 mm workspace).

We have demonstrated a task-specific end-to-end geometric accu-
racy of our drilling process to be 0.15 + 0.08 mm in human cadaveric
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Fig. 7. Pose estimation using drill force and bone density. Computation of the
trajectory pose using a correlation of bone density (from CT) and drill force (re-
corded during drill process).

specimen (29). The accuracy was measured as the geometric displace-
ment of a trajectory preoperatively defined in CT image data versus
the drilled trajectory as identified in a postoperative CT scan. Rigorous
minimization of all errors contributing to inaccuracy in the guidance
model, such as optical tracking instrument calibration, and fiducial
localization both in the image and on the patient (39) were accomplished,
together with a radical minimization of backlash and maximization of
rigidity in all structural elements of the kinematic structure as well as
the surgical drill system. Assuming a normal Gaussian distribution, the
maximum geometric error of the robotic guidance system can be as low
as 04 mm in 99.7% of all drilling attempts (3c). This end-to-end geo-
metric accuracy of an image-guided robotic system is the highest re-
ported to our knowledge and is the base requirement to enable all
other elements of the safety architecture.

Preliminary accuracy testing revealed deficiencies in standard surgical
drilling hardware. Stainless steel drill bits deformed under lateral loads,
with each traversal of an air cell in the mastoid bone. Factors such as
tool deflection as a result of diameter and backlash in the drilling unit
itself further reduce the effective drilling accuracy. Thus, a backlash-free
drill spindle was developed and integrated in the robot’s end effector. In
addition, high-rigidity tungsten carbide drill bits with one cutting edge
were used to reduce tool bending (Louis Belet SA, Switzerland).

Heat minimization during the drilling process

The second element of ensuring safety through system design is the
implementation of a heat-minimized drilling process. Drilling as close
as 0.5 mm from the facial nerve likely creates exceptionally damaging
amounts of heat energy. Labadie et al. (28) have reported the incidence
of a heat-related facial palsy in a patient undergoing template-based
cochlear implantation. We have confirmed the possible danger of
thermal damage to the facial nerve in an in vivo sheep study. It was
found that drilling of the dense bone in the region of the facial nerve
can lead to a harmful temperature rise (43). Therefore, we investigated
the use of a drill bit specifically designed with an optimized geometry
to minimize the amount of heat generated during the drilling process.
Further iteration of the drill process included interval drilling at incre-
ments of 2 mm (in segments R1 and R3) and 0.5 mm (in segment R2),
which was used to limit the accumulation of heat (Table 2). In addi-
tion, at each increment, the drill bit’s flute is flushed (1 s, 2 ml) with
saline solution. This prevents chip congestion, which potentially
contributes to friction-induced heat buildup. Therefore, we demon-
strate in the current intervention that the optimized drill bit and

Fig. 8. Neuromonitoring of the facial nerve during robotic drilling. (A) Optically tracked stimulation probe inserted in the drilled tunnel near the facial nerve before
application of an automatic protocol through four channels of the probe. (B) Probe with cathode to anode distances to be d; = 2, 4, 7 mm (Anode;), and monopolar
stimulation enabled by a far-field needle electrode (superficial to the sternum). (C) After automatic stimulation between 0.2 and 2 mA, EMG responses only appeared at
2 mA and the monopolar configuration, suggesting a safe drilling passage at facial nerve distances above 0.7 mm. (D) Example of electrically elicited EMG signals during

drilling, showing amplitude range and polyphasic nature of responses.
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Table 3. EMG decision table. Decisions are based on stimulus threshold values above (0) or below (1) 0.35 mA.

Estimated
) . distance ranges
Electrode configuration drill to facial
nerve (mm) Decision Confidence
Bipolar
Monopolar Min Max
d=2mm d=4 mm d=7 mm
0 0 0 0 0.7 Continue to drill >95%

0 1 0 1

01 ............................... 1 ............................... 0 .....................
01 ............................... 1 ............................... ] .....................
1 ..................................... 0 .......................... 0 0r1 ....................... 00” .................
11 ........................... 0 0r1 ....................... 00” .................

drilling process can maintain safe temperature levels while drilling at a
0.5-mm distance from the facial nerve (45). In addition, safe values for
rotational and longitudinal drill speed have been established to be
1000 rpm and 0.5 mm s, respectively, to ensure the prerequisite tem-
perature control. We assert that these features of the robotic device can
maintain optimal compliance of the RCI procedure with the above
parameters.

Bone density-to-drilling force correlation

In situ confirmation of the robot’s effective positional accuracy inside
the human skull and after image co-registration has not been achieved
in a clinical setting to date. Despite its superior general accuracy,
image guidance models are not fully reliable to be the exclusive infor-
mant for positional accuracy in a robotic surgical procedure. A sec-
ondary position measurement mechanism is essential to provide a
physical cross-check for the validity of the image guidance model.
We have developed a secondary localization method based on the cor-
relation of drilling force and the variable bone density throughout the
mastoid region. It allows the redundant prediction of the 6D pose of
the drill trajectory independent of standard image guidance errors
such as registration. It is assumed that any drill trajectory through
the mastoid results in a unique bone density profile along this trajec-
tory. It is further assumed that force/torque data acquired during tra-
jectory drilling optimally correlates with the executed trajectories’
bone density profile. Similarity measures can be used to determine
the best match from a given set of candidate trajectories that vary in
position and orientation. These candidates are generated in an evenly
spaced volume around the originally planned trajectory with variations
in entry, target position, and angles (to 2.5°) relative to the original
trajectory. The similarity between the force and density profiles acts
as a weighting factor, which is then used to calculate the weighted
mean position of the tool (Fig. 7). The initial implementation of this
process demonstrated an accuracy of 0.29 + 0.21 mm when using force
data only (30). Subsequent improvements to the algorithm, including
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similarity metric, density extraction technique, and workspace config-
uration, have led to increases in both accuracy and speed of the algo-
rithm, with a current accuracy of 0.19 + 0.13 mm at a point 3 mm above
the facial nerve observed. The specific layout of the alternative trajec-
tories was initially defined on the basis of the existing accuracy of the
robotic system during the development of the algorithm. Subsequent
evaluation has revealed that changes to the configuration of the alter-
native trajectories do not alter the accuracy of the algorithm while
allowing large errors [for example, due to registration failures, as de-
scribed in (33)] to be detected accurately.

Robot-integrated neuromonitoring

The development of a suite of procedural safety components that
would mitigate against the risk of structural damage to the facial nerve
included a task-specific EMG facial nerve monitoring module. By mea-
suring electromyogram signals in the facial muscles induced by electrical
stimulation of the facial nerve through a dedicated stimulating probe,
the distance of the trajectory to the facial nerve can be estimated to allow
the drill path to remain within safe limits. In the worst-case scenario, the
procedure can be aborted on the basis of the neuromonitoring data alone,
before iatrogenic damage to the facial nerve would be sustained. In-
dependent of all previously described safety mechanisms, this system is
therefore to be considered the so-called last line of defense (31). The sys-
tem is based on a commercial electrical nerve stimulation and monitor-
ing system (both ISIS, inomed) and was fundamentally modified and
customized with a multipolar stimulation probe/protocol (Fig. 8) and
proprietary software control system. This resulted in a dedicated RCI
EMG system with the following task-specific functionalities:

(1) Sensitivity monitoring of the nerve [i.e., positive control (46)]
established through a pair of surface stimulation electrodes located on
the superficial branch of the facial nerve. The stimulus threshold values
are expected to be in the range of 20 to 50 mA (monophasic pulses,
duration = 250 ps) and are dependent on the electrode-electrolyte
and skin contact impedance.
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