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Abstract—Bone drilling is a surgical procedure commonly
required in many surgical fields, particularly orthopedics,
dentistry and head and neck surgeries. While the long-term
effects of thermal bone necrosis are unknown, the thermal
damage to nerves in spinal or otolaryngological surgeries
might lead to partial paralysis. Previous models to predict the
temperature elevation have been suggested, but were not
validated or have the disadvantages of computation time and
complexity which does not allow real time predictions.
Within this study, an analytical temperature prediction
model is proposed which uses the torque signal of the
drilling process to model the heat production of the drill bit.
A simple Green’s disk source function is used to solve the
three dimensional heat equation along the drilling axis.
Additionally, an extensive experimental study was carried
out to validate the model. A custom CNC-setup with a load
cell and a thermal camera was used to measure the axial
drilling torque and force as well as temperature elevations.
Bones with different sets of bone volume fraction were drilled
with two drill bits (;1.8 mm and ;2.5 mm) and repeated eight
times. The model was calibrated with 5 of 40 measurements
and successfully validated with the rest of the data
(R2 ¼ 0:9034; SEE ¼ 7:582 �C). It was also found that the
temperature elevation can be predicted using only the torque
signal of the drilling process. In the future, the model could
be used to monitor and control the drilling process of
surgeries close to vulnerable structures.
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INTRODUCTION

Bone drilling is a frequently utilized surgical task in
a number of medical domains including orthopedic
surgery, dentistry, neurosurgery and head and neck
surgery. Due to the risk posed to surrounding tissue
due to thermal damage, a recent scientific effort to
optimize and model the drilling process has been
undertaken. Unlike metal, human bone has a low
thermal conductivity5 which confines and accumulates
drilling heat within a small region around the drilled
hole. It is not known if bone damage causes long term
complications in orthopedic surgeries (e.g., screw
loosening), it was found that it affects the osseointe-
gration of dental implants.26 It is even more prob-
lematic if the bone drilling occurs in close proximity to
more vulnerable structures such as nerves. This is be-
cause the thermal damage of a bone cutting process
can lead to permanent nerve damage.13

A newly described approach to the inner ear for
cochlear implantation, in which a direct tunnel is
drilled using stereotactic guidance through the close
lying nerves of the facial recess (facial nerve and
chorda tympani), is a procedure in which a drill bit
may possibly be required to pass within 0.5 mm from
nerve tissue.2 Recent studies have shown, that drilling
this access might lead to thermal damage of the facial
nerve and thus partial or complete unilateral paralysis
or paresis of the facial muscles.7,13 However, efforts
have been made to reduce this risk by optimizing drill
bit design and drilling process parameters.8

In general, there has been a great effort in investi-
gating bone drilling as reviewed and summarized by
multiple authors.1,3,21 The previous work suggests a
low rotational speed (ca. 1000 RPM) and a high feed
rate (ca. 1 mm/s) with sufficient irrigation helps to
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minimize the temperature elevation. While optimizing
the drilling process for heat is important, a thermal
model that would enable the real time prediction of
thermal elevation during a surgical procedure which is
additionally dependent on case specific factors such as
bone density, could aid in reducing the occurrence of
thermal damage.

There have been several attempts at modeling the
drilling process with focus on either the prediction of
cutting forces14,16,24 or temperatures. Temperature
prediction approaches can be divided into more
analytical15,17 or more numerical (FEM)
approaches23,25,27 as reviewed by Marco et al.18 In the
analytical thermal models combined heat-equations
for the interaction of drill bit, bone chips, cooling
(irrigation) and surrounding bone are solved, but
were not validated and require many prior assump-
tions. Some previously described FEM models have
been validated, but temperature elevation for only a
few millimeters drilling depth can be calculated and
like other mentioned models, are very time consuming
to compute.

To enable temperature elevation prediction based
on real time measured parameters, this work focuses
on the development of a new model that allows for
real time calculations during the drilling process. In
our previous research,7 an analytical model with only
two calibration constants was developed to allow
prediction of the temperature elevation based on the
bone density distribution along the drilling trajectory.
It was assumed that density of the bone relates in a
power function to the drilling force. A moving point
source Green’s function was then used to calculate
the temperature elevation at a point in space over
time.

This model has been used with overall good results
in an in vivo sheep study for the access drilling of
minimally invasive robotic cochlear implantation.
However, while bone density can be determined pre-
operatively from medical images, in a real surgical
procedure, the absolute prediction of the drilling path
and thus, the bone density profile through which the
drilling is being conducted, is not possible. Addition-
ally, case specific factors such as drill bit wear or tissue
becoming jammed in the drill bit flukes can also sig-
nificantly and rapidly effect the thermal elevation.

In this study we introduce and validate an im-
proved version of this model which uses the torque,
easily sensed data during surgical drilling, to calcu-
late the temperature elevation for drill bits with dif-
ferent diameters in real time. In the future, this
model might help to monitor and control the tem-
perature elevation of the drilling process for more
delicate surgeries like the minimally invasive robotic
cochlear implantation.

MATERIALS AND METHODS

The previously introduced model 7 to predict tem-
perature elevation based on bone density information
along the drilling trajectory was modified to allow the
real-time prediction of temperature elevation during
the drilling process. After the derivation of this model,
a custom designed experimental setup is described
which is then used to conduct a large set of experi-
ments in order to evaluate the proposed model.

Temperature Prediction Model

The previous approach required preoperative image
information about bone densities which were assumed
to relate to the axial drilling forces at each drilling

depth [FðtÞ � DensityðtÞb; with b � 1:8]. This approach
relied therefore on the quality of CT images and
knowledge of the drilling path pre-operatively (i.e.,
does not account for drill positioning errors). The new
model does not require prior knowledge of the drilling
path but instead takes advantage of drilling forces and
torques. The model thus additionally incorporates
information pertaining to the density of bone through
which the drill is passing (e.g., for tool tracking29) and
other influences on temperature prediction such as
flute clogging.

Therefore, the bone density information was not
considered but the axial torque [M(t) in (Nm)] is used

to directly calculate the energy (heat) function [ _QðtÞ in
(W)]. Only the torque and not the thrust force was used
because its contribution is very small and the torque in
general relates better to the cutting work of drilling.12

In this simplified method, it is assumed that all the
energy is produced at the tip of the drill bit and not at
the side. Additionally, the three dimensional shape of
the tip and cutting edges are averaged into a two
dimensional disk. It was a posteriori found that this
simplification does not significantly influence the
accuracy of the temperature prediction.

The energy (heat) source was then first derived from
the work of the cutting process:

_QðtÞ ¼ MðtÞ � x � MðtÞ
M0

� �ðb�1Þ
: ð1Þ

With M0 in (Nm) and b being dimensionless are cali-
bration constants which describe the fraction of
mechanical energy which is converted to heat and
transferred into the system (bone). The rotational

speed x ¼ 2p n
60 with n ¼ 1000RPM

� �
is constant. The

energy contribution from the thrust force is not con-
sidered because it is much smaller than the torque
contribution. As described in Ref. 7, the temperature
elevation in a material at a given point ðx; y; zÞ can
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then be evaluated using a continuous but varying
moving point source Green’s function:

Tðt; x; y; zÞ¼T0þ
Z t

0

_QPointðsÞ
8qcpðpasÞ

3
2

�e�
ðx�x0Þ2þðy�y0Þ2þðz�z0�vtÞ2

4as ds:

ð2Þ

The coordinates x0; y0; z0 describe the initial position
of the point source which resembles the starting point
of the drilling. To account for different drill bit
diameters (;), Eq. (1) is normalized with the area of
each drill bit and therefore expressed as heat flux (W/

m2Þ:

JðtÞ ¼
_QðtÞ

p ;
2

� �2 : ð3Þ

This formula was modified from a point source to a
disk source with the size of the drill bit diameter as seen
in Fig. 1. For this, the heat flux (3) should be sym-
metrically distributed into a ring source with differ-
ential thickness dr around the drilling axis which will
be later integrated up to the total radius R of each drill
bit:

_QDiskðtÞ ¼
ZR

0

Z2p

0

JðtÞdA; ð4Þ

with dA ¼ ~r � du � d~r The integration over the drill bit

radius r from 0 toR ¼ ;
2

� �
and around the drilling axis

u (from 0 to 2p) can be expressed in polar coordinates.
The distance D between the point of temperature
evaluation and the source location was also trans-
formed to polar coordinates:

D2 ¼ x� x0ð Þ2þ y� y0ð Þ2þ z� z0ð Þ2

¼ r2 þ ~r2 � 2r~r cosðu� ~uÞ þ ðz� vtÞ2:

Due to the axial symmetry, Eq. (2) was further modi-
fied and simplified to:

Tðr; z; tÞ ¼ T0 þ
Z ;

2

0

Z t

0

JðsÞ~r
4

ffiffiffi
p

p
qcpðasÞ

3
2

� e�
r2þ~r2þðz�z0�vtÞ2

4as

� I0
r~r

2as

� �
dsd~r;

ð5Þ

as suggested by Paek et al.19,20 for the laser drilling
process. With I0 as the Bessel function of first kind and
zeroth order and T0 set to 25 �C room temperature.
The r polar coordinate is the distance to the drilling
axis at which the temperatures are evaluated is set to
match the plane of the thermal camera measurements
;
2 þ 0:5mm
� �

:

Temperature elevations are evaluated at multiple
depths from 0 to maximal drilling depth (zmax) in steps
of pz ¼ zmax

n ðzmax ¼ 10 or 20 mm, respectively and

n ¼ 20Þ: The denominator ‘‘n’’ can be choosen to
modify the spatial resolution of the temperature pre-

diction. The constant thermal diffusivity a ¼ k
qcp

in m2/s

is calculated with material constants of compact cor-

tical bone: k ¼ 0:55 W/m/K;5 q ¼ 1800 kg/m3; cp ¼
1260 J/kg/K.4 Due to the low homogeneous thermal
conductivity of bone and therefore confined space of
temperature elevation, constant room temperature and
infinite boundaries were assumed.

Experimental Setup

A custom experimental setup was used to measure
axial drilling forces, torques and temperature eleva-
tions. Figure 2 shows the setup which consists of a
programmable CNC-machine (3-axis Miniflat i-TM
100-2, ISEL, Germany), a motor spindle (BFS-8015-
12, Mechatron GmbH, Germany), a thermal (infrared)
camera (A655sc, FLIR, USA) with a macroscopic lens
(for 50 lm resolution) and a load cell (F310-400N-
2Nm, Novatech, UK). For the irrigation, a surgical
roller pump (IRRIG PP980, Bien Air, Switzerland; not
shown in Fig. 2) with standard irrigation tube (Bien
Air, Switzerland) was used, allowing for the applica-
tion of different flow rates.

The emissivity constant of the bone’s surface was
previously experimentally determined as e ¼ 0:96:9 For
the irrigation, a standard 19 gauge needle (inner
diameter ;0:686 mm) was bent such that the water jet
hits the tip of the drill bit with an angle that is

FIGURE 1. Schematic view of disk source model and plane
of temperature evaluation. The disk source is essentially an
integration of a ring source up to the radius ‘‘R’’ of each drill
bit.
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approximately equivalent to the helix angle of the drill
bit to allow cleaning of the flutes from bone chips. The
irrigation fluid (water at 25 �C room temperature) is
collected in the collection tank and can flow into a
second container (not visible in Fig. 2).

Sample Preparation

For these experiments, fresh bovine tibiae of 4-year-
old (dairy) cows were acquired from a local slaugh-
terhouse because they are largely available and optimal
in size. The samples were frozen (�20 �C) and pre-cut
using a hand saw. Saline solution was used for irri-
gating the sample preparation process. A diamond
band saw (Exakt Advanced Technologies GmbH,
Germany) was used to create one smooth surface to
allow thermal imaging measurements.

The samples were prepared to mimic the pneuma-
tised bone of the human mastoid (in which the facial
recess, through which drilling in a robotic cochlear
implantation occurs, lies). The temporal bone consists
of bone with a different number of air cells and
therefore varying levels of pneumatisation.10 To rep-
resent air cells, lateral holes (;1.5 mm) were drilled
with perpendicular crossing axes to the intended dril-
ling trajectory as shown in Fig. 3. Cancellous bone
samples with different volume fractions were not used
because of the marrow in-between trabeculae. This
would be however an interesting experiment for future
research.

To represent the varying levels of pneumatisation
that occurs amongst the population, three sets of
N ¼ 16 samples were created with through-hole spac-

ing of d ¼ 0:5, 1.5 and 2.5 mm, respectively. The
preparation enabled drilling to be performed along
various controlled bone density profiles while main-
taining the integrity of the samples’ measurement
surface (as may not be the case if real mastoid samples
were utilized). The first 3 mm of the drilling sample was
intentionally left as cortical layer to further mimic the
mastoid bone. Above this 3 mm cortical bone layer, 5
mm of cortical bone was pre-drilled with a larger drill
bit allow the thermal monitoring of the drilling to
commence at the height of view of the thermal camera.
The top remaining surrounding bone was used to seal
the sample to its holder to prevent water flow over the
field of view of the thermal camera. Each sample was
positioned in the experimental setup such that the edge
of the drilled hole was 0.5 mm from the plane of the
thermal imaging. The samples were refrozen and
thawed for at least 4 h in saline solution prior to the
experiments. The average room temperature was
measured to be 25 �C.

Experimental Procedure

Custom made single cutting edge drill bits with a
rake angle of 35� (canon drills with a helix, Louis Belet,

Switzerland) with two different diameters (;1.8 mm
and ;2.5 mm) were used. This drill bit has been de-
signed to reduce temperature elevation while improv-
ing drilling accuracy. This design facilitates the cutting
with one cutting edge and therefore minimizes the
chisel edge.

The above mentioned three different sets of bones
were drilled with a constant rotational speed (n ¼ 1000

FIGURE 2. Experimental 3-axis CNC-setup for measuring the temperature elevation, thrust force and torque during the drilling
process. A macroscopic lens (50 lm) was used with the thermal camera. External irrigation and bone clamping device are shown in
detail.
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RPM) and a constant feed rate (v ¼ 0:5 mm/s) with
both drill bits. The constant irrigation rate was set to
15 mL/min and lateral holes were sealed with bone wax
(Ethicon, USA) to prevent water penetration. Drillings
were repeated eight times for each parameter combi-
nation (see Table 1). Set 3 was not drilled with the 2.5
mm drill bit due to excessive temperature rise due to
drill bit flute jamming.

During drilling, the temperature of the prepared
bone surface was recorded with the thermal camera
(50 lm resolution; 12.5 fps) along with the applied
force and torque (with 200 ms frequency). To compare
thermal model and thermographic measurements, the
maximum temperature over time was extracted from
the thermal camera videos (ResearchIR, Flir, USA).

RESULTS

Themaximum temperature rise occurs at the tip region
and is therefore a function of the advancing drill bit. The
constantswere calibrated (M0 ¼ 100Nmand b ¼ 1:2Þ by
minimizing the mean distance of modeled and measured
temperature elevations using one randomly selected
measurement from each set (5 of 40 measurements).
Figure 4 shows an example of the calculated tempera-
tures in pz ¼ 1 mm steps over time and drilling depth of
the drilling process using the ;2.5 mm drill bit.

As mentioned, the maxima of the temperature
curves at each depth coincide with the tip of the drill
bit moving into the material. In order to compare
temperature predictions to measurements, maximum
temperature elevations over time are extracted both
from model and thermal camera videos as seen in
Fig. 5. Figure 5 shows one example for each drill bit
diameter for sets 1 and 2. The bottom left picture is the
extracted maximum from the same drilling as shown in
Fig. 4.

To evaluate the model, temperatures in pz steps for
both the model predicted and measured temperatures
up to the maximal drilling depth were extracted. For
all samples except those used for the calibration, the
regression line, 95% prediction and confidence inter-

vals, as well as adjusted R-square (R2 ¼ 0:9034) and
the standard error of the estimates (SEE ¼ 7:682 �C)
were calculated and are shown in Fig. 6 (RStudio
3.2.5, USA). Model predictions showed a greater
accuracy at lower temperatures (up to ca. 55 �C from
room temperature DT ¼ 30 �C).

Additionally, the model was used to calculate
examples of the temperature drop over the distance to

the edge of the drilled hole r� ;
2

� �
as shown in Fig. 7.

This graph highlights that there is a large temperature
drop within only a few millimeters to the drilled hole
which is due to the low thermal conductivity of bone.
Measured and evaluated temperatures should there-

FIGURE 3. Detailed view of bone sample dimensions, drilling depth and thermal camera image (50 lm). The distance between the
edge of the drilling trajectory and the surface of thermal imaging is for both diameters 0.5 mm. The distance between the lateral
through holes (;1.5 mm) is denoted with ‘‘d’’ and varied for different sets of bone volume fraction (see experimental plan). The first
5 mm were pre-drilled with a larger diameter drill bit to allow fixation of the bone sample to prevent water leakage onto the field of
view of the thermal camera. The actual first 3 mm of the drilling trajectory are intended to mimic the outer part of the human skull.

TABLE 1. Experimental plans for the three different sets of bone anatomy depicted in Fig. 3.

Set 1 d ¼ 0:5 mm Set 2 d ¼ 1:5 mm Set 3 d ¼ 2:5 mm

;1.8 mm 10 mm 10 mm 10 mm

;2.5 mm 20 mm 20 mm NA

Values indicate the drilling depth for each combination of bone and drill bit diameter. Each parameter combination was repeated eight times

(=40 experiments). Set 3 was not drilled with the 2.5 mm drill bit because of the excessive temperature rise due to drill bit flute jamming..
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fore not be seen as absolute values but with respect to
the distance of the drill bit.

DISCUSSION

The aim of this work was to present and evaluate a
model which uses the torque of a drilling process to
predict the temperature elevation within the bone. This
is especially important when drilling close to vulnera-
ble structures like nerves which is, for example, nec-
essary in minimally invasive robotic cochlear
implantation. To mimic the bone anatomy for this
application while allowing thermal camera tempera-
ture measurements, differently spaced lateral holes
were drilled into bovine cortical bone. The average
volume fractions represent approximate values com-
monly seen in human temporal bones, as determined
from an initial analysis of bone density based on CT
data. Note that no actual human temporal bones were

used because of the difficulties to measure a tempera-
ture field with the porous samples. The advantages of
the used thermal camera, in contrast to thermocouples,
is the continuous 2-D-field measurement and the lack
of contact and placement problems. However, the
surface for the thermal imaging needs to be smooth,
flat and dry. Thus precluding the use of temporal bone
samples.

A previously proposed model7 has been augmented
to allow for measurements based on intra-operatively
collected data and to account for different drill bit
diameters. The model requires the calibration of only
two constants for which 5 of 40 experiments were used.

The calibration ðMðtÞ=M0Þðb�1Þ describe the fraction of
the work that is converted into heat and transferred to
the work piece (bone). This fraction has a non-linear
dependency on the amount of torque. This could be
due to the changing temperature gradient for higher
accoutered torques/temperatures. In general, it was
found that the torque is a better indicator than the

FIGURE 4. Top example of measured torque and resulting maximal temperature elevation over drilling depth. Bottom model
prediction of temperature elevation over time and drilling depth evaluated in zi ¼ 1 mm steps in the plane of thermal camera
measurements. The rim of the temperature is the maximal temperature over time of the moving heat source (see 2-D plot on the
top).
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thrust force of the work needed to cut and remove the
material and therefore used to calculate the heat
function. Nonetheless, the question remains if thrust
force or torque is a better indicator for bone volume
fraction as used in the previous work.7 However,
adding the thrust force to Eq. (1) does not significantly
increase the temperature prediction.

The advantage of this model is however its fast
computational time (within the fraction of a second for
a single point) which allows real time temperature
prediction and therefore a dynamic monitoring of the
drilling process. Also, to our knowledge, no other
model has been validated in such detail with different
bone anatomies and for such deep drilling depths. A
further decrease in computation time can be achieved if
the model is modified to a single point source model
which is possible if only drill bits with one diameter are

used. This simplification does not significantly decrease
the accuracy of the model. Additionally, with similar
accuracy only one constant needs to be calibrated if
only the torque signal is used.

The model could further be used for calculating and
predicting tissue damage (cumulative equivalent min-
utes at 43 �C degree22 CEM43) at a certain point (e.g.,
nerve position). Literature values for thermal nerve
necrosis are scarce and only existed for long term
damage.11,28 However, bone necrosis starts at 47 �C
for 1 min time exposure6 or around 70 �C for instan-
taneous tissue damage.25 This relates to around 55 �C
maximal allowed peak temperature elevation of a
temperature curve over time for a moving heat source
(e.g., drill bit; from 37 �C body temperature
DT ¼ 18 �C).7 Temperature predictions of the model
are also more accurate when DT<25 �C (see Fig. 6)

FIGURE 5. Comparison of four examples of temperature elevation of model and measurements for both drill bits for sets 1 and 2.
Drilling time and depth is double for the ;2.5 mm compared to the ;1.8 mm drill bit. Drill bit flutes tend to clog at high densities and
drilling depths which leads to excessive temperature rise.
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which is therefore sufficient to accurately determine the
CEMs. Individual thresholds have to be defined
depending on the tissue and the model can also be
calibrated for a slight over-prediction to incorporate a
safety threshold.

The disadvantage of the proposed model is that the
calibration constants are only valid for constant pro-
cess parameters and drill bit design. A re-calibration is

needed if constant feed rate (or robotic movement),
rotational speed, irrigation rate or drill bit design is
changed. The model has also not been validated with
variable (manual) feed rate and is therefore at the
moment more useful for robotic surgeries.

Due to the simplicity of the model, there is a further
limitation as illustrated in Fig. 8. The predicted and
measured temperature elevation of three single points

R2 = 0.9034

SEE=7.682°C

Calibration constants:
M0 = 100
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FIGURE 6. Regression for predicted and measured temperatures using the torque to calculate the energy function. 95% Pre-
diction and confidence intervals are shown.

FIGURE 7. Five random examples of temperature drop for different maximal temperatures at the drill bit as a function of distance
to the drilled hole. There is a large temperature drop within only a few millimeters due to the low thermal conductivity of bone.
Within this study, temperatures were evaluated at a distance of 0.5 mm the edge of the drilled hole.
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at different depths (at 5, 10 and 15 mm; temperatures
shifted to 37 �C) are compared. While the temperature
rise and overall maximum temperature elevation can
be predicted quite accurately, the temperature at a
single point at a later time is in some cases predicted
inaccurately. The reason for this underprediction is
that the drill bit shaft conduction and evacuated chips
are not modeled and can therefore not contribute to
the heat of points above the drill bit tip at a later time.
This could be achieved with the downside of increased
computation time if this model is combined with, for
example, a more detailed approach to model the drill
bit as suggested by Lee et al.15 Also, in the future, a
lFE models of the detailed bone anatomy could be
used to increase to localized prediction of temperature
elevation. An inclusion of the tip shape (cone instead
of disk) was tested but found to have no significant
impact. The scaling of the torque with the radius (lever
arm) could also be topic of further investigations. In
general, this limitation is however only problematic if
the tissue damage threshold is reached by an accu-
mulation of low temperatures over a long period of
time (which is most likely to happen at a shallow
drilling depth).

CONCLUSION

In this study, an analytical computational model is
introduced which uses the torque signal of the drilling
process in bone to predict the temperature elevation in

the surrounding bone tissue. An extensive experimen-
tal study was carried out in order to calibrate and
evaluate the model. It was found that the heat function
and therefore temperature elevation can be predicted
using only the torque and not the thrust force signal.
The model was successfully validated by comparing
predicted and measured maximal temperature eleva-

tions of the whole drilling depth (R2 ¼ 0:9034;
SEE ¼ 7:682 �C). The advantage of this simple model
is that its fast to calculate while using the real time
measurements of the torque signal of a drilling process.
It is however not yet possible to model the heat from
the bone chips and the drill bit shaft. In the future, it
could be used to monitor and control the drilling
process in real-time of more delicate surgical inter-
ventions like minimally invasive robotic cochlear
implantation.
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