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A Compact, Bone-Attached
Robot for Mastoidectomy
Otologic surgery often involves a mastoidectomy, which is the removal of a portion of the
mastoid region of the temporal bone, to safely access the middle and inner ear. The surgery
is challenging because many critical structures are embedded within the bone, making
them difficult to see and requiring a high level of accuracy with the surgical dissection
instrument, a high-speed drill. We propose to automate the mastoidectomy portion of the
surgery using a compact, bone-attached robot. The system described in this paper is a mill-
ing robot with four degrees-of-freedom (DOF) that is fixed to the patient during surgery
using a rigid positioning frame screwed into the surface of the bone. The target volume to
be removed is manually identified by the surgeon pre-operatively in a computed tomogra-
phy (CT) scan and converted to a milling path for the robot. The surgeon attaches the robot
to the patient in the operating room and monitors the procedure. Several design considera-
tions are discussed in the paper as well as the proposed surgical workflow. The mean tar-
geting error of the system in free space was measured to be 0.5 mm or less at vital
structures. Four mastoidectomies were then performed in cadaveric temporal bones, and
the error at the edges of the target volume was measured by registering a postoperative
computed tomography (CT) to the pre-operative CT. The mean error along the border of
the milled cavity was 0.38 mm, and all critical anatomical structures were preserved.
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1 Introduction

Mastoidectomy is a common procedure in otologic surgery that
consists of removal of all or part of the mastoid portion of the
temporal bone with a high-speed surgical drill. The procedure can
be performed on its own to treat diseases and infections such as
mastoiditis and cholesteatoma, or it can be performed as a compo-
nent of other surgeries such as a facial recess approach for coch-
lear implantation (CI) or translabyrinthine approach for acoustic
neuroma removal. During a facial recess approach for CI, a mas-
toidectomy is followed by opening the region just anterior to
the facial nerve to allow access to the cochlea. During a transla-
byrinthine approach for acoustic neuroma (a.k.a. vestibular
schwannoma) removal, a mastoidectomy is followed by a labyrin-
thectomy in which deeper dissection into the temporal bone
removes a portion of the inner ear to allow access to the skull
base, specifically the internal auditory canal (IAC) where the
tumor is located.

Many critical anatomical structures are embedded within the
bone of the mastoid (Fig. 1) including the facial nerve, which con-
trols motion of the face, large blood vessels such as the carotid
artery and intracranial continuation of the jugular vein, and the
tegmen, which is the boundary between the mastoid and the brain.
Because injury to these vital structures can lead to morbidity, sur-
geons manually identify these structures using visual and tactile
feedback and then remove bone as needed around them. This
identification is challenging and makes ear surgery, and mastoi-
dectomy, in particular, well-suited for image-guided robotic assis-
tance. We hypothesize that a robotic system guided by pre-
operative images could be used to remove bone, while preserving
appropriate safety margins around the critical structures within
the bone. By automating the bulk removal of bone using image-
guidance, such a system would allow surgeons to focus on the
more delicate portions of the surgery (e.g., inserting the electrode
array for CI, or removing the acoustic neuroma from the brain-
stem) and could potentially save time in the operating room,
thereby reducing the cost of caring for each patient.

Robotic bone milling has been a topic of research and commer-
cial development for over 20 years [1–3] with most work focusing
on orthopedic procedures such as joint arthroplasty and resurfac-
ing. Several of these systems have been successfully commercial-
ized and are currently used clinically (e.g., RIO System by
MAKO Surgical Corp., Ft. Lauderdale, FL; ROBODOC Surgical
System by Curexo Technology Corp., Fremont, CA; and CAS-
PAR by URS Ortho GMBH & Co. KG, Rastatt, Germany). Bone
milling is a task well-suited for robotic assistance and, because of
the similarities to computer-numeric-control (CNC) machining,
was one of the first surgical procedures to employ a robot. The
rigidity of bone allows for the entire procedure to be planned pre-
operatively since deformity of bone geometry during surgery is
minimal. Robotic milling of the temporal bone in ear surgery is a
logical extension of previous robotic orthopedic procedures. How-
ever, ear surgery presents additional challenges not encountered
in orthopedic procedures primarily due to the presence of rela-
tively small and complex anatomy in and around the target
regions. As such, the task requires submillimetric accuracy [4].

Several research groups have investigated robotic mastoidec-
tomy [5–8] and have successfully demonstrated such in the labo-
ratory. Like their orthopedic predecessors, these systems use
large, free-standing robots. These robots take up significant space
in the operating room and typically provide a workspace that is
larger than the necessary workspace for otologic surgery. Addi-
tionally, free-standing robots require an alignment between the
robot’s coordinate system and the patient’s anatomy throughout
the procedure. The alignment is typically performed using an opti-
cal tracking system that continuously monitors the robot and the
patient. These systems provide excellent image guidance for
many procedures; however, the error associated with a tracking
system, compounded with errors in other components of the sys-
tem, makes it difficult to meet the submillimetric accuracy
requirement of otologic surgery. To address this issue, the
research group led by Weber has developed a system that employs
a very accurate external tracking system with a small working vol-
ume positioned close to the target anatomy [9,10]. This system
guides a robot that is mounted to the bed as near as possible to the
patient and is used to drill a narrow path directly to the cochlea
for a minimally invasive CI. Using this system, the group reports
accuracies sufficient for otologic surgery.

The approach outlined in this paper uses a compact, bone-
attached robot designed specifically for temporal bone milling.
The direct fixation of the robot to the patient’s skull eliminates the
need for monitoring relative motion between the robot and the
patient and permits highly accurate registration of the robot to
the patient’s anatomy. The compact robot design is suitable for
the small surgical area of otologic procedures. Prior work using
bone-attached robots has shown them to be capable of milling
bone in orthopedic surgery [11–13] as well as providing effective
alternatives to stereotactic frames for minimally invasive otologic
surgery [14,15]. In this paper, we use a bone-attached robot to per-
form accurate mastoidectomies on cadaveric specimens. A pre-
liminary description of the robot and some bench top tests, not
including cadavers, appeared in Ref. [16].

2 Surgical Workflow

With the proposed robotic system, the workflow of the surgery
involves pre-operative planning followed by a series of steps per-
formed in the operating room (Fig. 2). Vital structures are seg-
mented, i.e., identified, automatically in the pre-operative CT,
including the facial nerve, chorda tympani, external auditory
canal, semicircular canals, and ossicles using previously described
methods [17,18]. Using the locations of these structures as guid-
ance, the volume of bone to be removed in surgery is then man-
ually segmented by the surgeon in the CT scan. In the operating
room, a prepositioning frame (PPF), containing three titanium
spheres, is attached to the patient using small screws via stab inci-
sions. The spheres serve not only as fiducial markers for

Fig. 1 Mastoid region of the temporal bone and photograph
from surgical case showing the region after the target bone has
been removed with several key anatomical structures identified
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registering the robot to the patient’s anatomy but also as attach-
ment points for mounting the robot. An intra-operative CT scan of
the patient with the PPF attached is then acquired. The CT is
ideally performed in the operating room using either a portable
CT scanner (e.g., xCAT ENT mobile CT scanner; Xoran Technol-
ogies, Ann Arbor, MI) or a fixed uni- or biplane rotational fluoros-
copy machine. The intra-operative CT is registered to the
pre-operative CT using intensity-based registration based on
mutual information [19], and the pre-operative segmentations are
transformed to the intra-operative CT using the registration. The
robot is designed to attach to the spheres on the PPF in a known
configuration. Localizing the spheres in the image [20] allows for
the segmentation data to be transformed to the robot coordinate
system using rigid registration based on sphere locations. The
milling path is then calculated using a custom path planning algo-
rithm and a robot trajectory is generated (described in Sec. 4).

The mastoidectomy begins with preparation of the surgical site
by exposing the bone surface, after which the robot is attached to
the PPF. The robot is then commanded to follow the planned tra-
jectory to perform the bone milling. The procedure is monitored
by the surgeon, who can adjust the speed of the robot, pause
the robot, or stop the procedure at any time. Once the milling is
complete, the robot is removed, and the surgeon performs any
additional steps to complete the surgery.

3 Robotic System Overview

3.1 Design Considerations. Several experiments and data
analyses were performed to identify design parameters and objec-
tives for the robotic system. First, the forces while milling cortical
bone (dense bone on the surface of the skull) as well as trabecular
bone (pneumatized bone within the mastoid region) were meas-
ured to determine both the required range of forces that the robot
must exert and the preferred cutting conditions. Formalin-fixed
temporal bone specimens were milled with a surgical drill using
an industrial robot under a variety of controlled cutting conditions.
The forces were measured for the different cutting parameters,
including different burr types, cutting angles, cutting velocities,
and cutting depths. The details and full results of this study are
presented in Ref. [21]; the key findings that affect robot design
and trajectory planning are as follows:

(1) Large fluted burrs are preferred when anatomically possible
to achieve lower forces for a given bone removal rate.

(2) Low shaft angles (i.e., cutting with the side of the burr) are
desirable to minimize peak forces at the drill–bone
interface.

(3) Shallow, high velocity cuts are better than slow, deep cuts
to reduce average forces at the drill–bone interface.

(4) Pneumatized mastoid bone can be cut more aggressively
than dense cortical bone.

Next, a workspace analysis was performed. Ten cadaveric tem-
poral bone specimens with mastoidectomies performed by sur-
geons were used in this analysis. During mastoidectomy, the
surgeons usually drill a wide region to facilitate easy identification
of anatomy and avoid damage to vital structures. With the robot
performing the procedure utilizing anatomic details from the pre-
operative CT, it is possible to remove less bone while safely
accessing the surgical targets. However, clinically relevant sized
mastoidectomies were used in the analysis since they represent a
conservative estimate of the required workspace dimensions.

A CT scan was acquired for each specimen, and the drilled vol-
ume of bone was segmented using a semi-automatic approach.
The segmented drilled volumes (Fig. 3) of all specimens were
aligned along their lateral surfaces. The Cartesian workspace vol-
ume that encompasses the drilled volumes of all specimens was
determined to be approximately the shape of an inverted elliptical
cone with maximum cross section on the lateral surface. The
major and minor diameters of the ellipse on the lateral surface
(similar to dashed outline in Fig. 3) were determined to be 52 mm
and 45 mm, respectively, with the required depth being 41 mm.

The angular workspace required for mastoidectomy was also
analyzed using the same set of specimens. If the target volume
was convex relative to the lateral surface, a simple x–y–z stage
would be sufficient to reach all of the target points. However, it
has been observed through these specimens and actual surgical
procedures that the surgical volume to drill might include a cavity
to be drilled that is partially overhung with bone, requiring a tilt-
ing of the drill. The tilt requirements were evaluated by calculat-
ing the drill angle(s) required to safely reach each of the target
points within the target volumes of the ten specimens (Fig. 3). It
was determined that the surgery could be performed with a robot
that has only one angular DOF with a range of motion of 50 deg

Fig. 3 Workspace analysis for the design of the robot. Drilled
volume from one of the specimens is shown here with an exam-
ple of safe and unsafe drill angles to reach a target location. At
a safe drill angle, the shaft does not cross the boundary of the
target volume except at the lateral surface. An unsafe drill angle
causes the shaft to touch untargeted bone and/or other anat-
omy. The required angular workspace was calculated based on
the range of angles needed to reach each point safely.

Fig. 2 Planning and workflow of surgical procedure
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(4DOF total, including x–y–z motion). The robot must be aligned
such that the single angular DOF aligns with the overhung area on
the patient. The reduced complexity of the robot and limited sour-
ces of error associated with fewer joints (compared to a 6DOF
robot) must be weighed against the additional requirement of
aligning the robot with the patient anatomy. However, since the
direction of the overhung region is consistent among patients, this
alignment can be easily accomplished with a simple mechanism
to show the surgeon the desired orientation to attach the robot.

3.2 Robot Prototype. Based on the above insights, we
designed a 4DOF robot prototype with three translational joints
and one rotational joint, analogous to a four-axis CNC milling
machine (Fig. 4). Two different types of actuators are used: piezo-
electric linear actuators (SmarAct GmbH, Oldenburg, Germany)
and brushless DC motors (Maxon Precision Motor, Inc., Fall
River, MA). The primary advantages of the piezoelectric actuators
are their compact size and sterilizability. Initially, these actuators
were planned for use in all joints; however, their limited blocking
force when subjected to high frequency vibrations from the surgi-
cal drill did not permit them to be used for the two distal joints.
Because of this limitation, a brushless motor and lead screw
mechanism is used for the z-direction linear joint (the direction
into the skull), and a brushless motor and antibacklash worm-
wheel gearbox (Gysin AG, Itingen, Switzerland) is used for the
rotational joint. A design goal for the final, clinical version of this
device is for it to be completely sterilizable. The brushless motors
used in this prototype are not sterilizable, but several manufac-
turers offer sterilizable versions (steam sterilization up to 273 �F)
of similar size and power, which will be utilized in future
versions.

The robot is fixed to the patient via the PPF (Fig. 4(b)), which
is attached to the patient’s skull using small screws. The robot
mounts to the three spheres on the PPF with spherical gripper
locking mechanisms (Fig. 4(c)). The drill spindle speed is con-
trolled with a foot pedal and the robot motion is controlled with a
small hand piece (Fig. 4(a)). This hand piece is used to adjust the
speed of the robot, pause, or stop the procedure, if necessary.

4 Trajectory Planning

The path planning algorithm used in this study is an extension
of an algorithm Danilchenko used in the earlier robotic mastoidec-
tomy experiments with an industrial robot [7,22]. The input for
this algorithm is a three-dimensional array of voxel elements such
that each voxel’s value serves as a label differentiating between
air, targeted bone, forbidden bone, and the start/end point. The
original algorithm finds a path for the drill’s center that begins at
the starting point, passes through every target voxel while avoid-
ing all forbidden voxels and returns to the start/end point. Here,

we extend Danilchenko’s algorithm in two important ways to
model physical drill bit geometry. Danilchenko’s algorithm
assumes that the drill bit occupies only one cubic voxel and visits
every voxel to be removed. However, a standard surgical bit is a
sphere that covers many voxels.

First, to compensate for the size and shape of the bit, we use
morphological operations. Figure 5(a) shows an example voxel
input array for our path planning algorithm. While the actual
arrays are three-dimensional, we show here a two-dimensional
example to simplify the explanation. In the figure, R1 (black) is
the forbidden region and the union of regions R2 (dark gray), R3

(light gray), and R4 (white) is the targeted voxel region input to
our algorithm, which is intended to be removed with the drill bit if
possible (it is the region the surgeon segmented that he/she
desired the robot to remove). To ensure the preservation of the
forbidden region, R1, we modify the algorithm’s input array using
the morphological image processing operation known as dilation
[23]. Dilation of a region expands its original boundary into its

Fig. 4 (a) Surgical robotic system includes the robot that holds the surgical drill and mounts on the test specimen via
the PPF, the surgical drill control unit and foot pedal for drill speed control, a control hand piece for adjusting robot
motion and pausing/stopping the procedure, and the control electronics and computer/monitor, (b) close-up of the robot
and PPF, and (c) Gripper mechanism used to attach robot to spheres on PPF

Fig. 5 (a) Illustration of the use of dilation to accommodate the
finite size of the drill bit. Input targeted region is the combina-
tion of R2, R3, and R4. Black is the forbidden region, R1. Output
targeted region, R3, is light gray. The circular disk centered on
P1 represents the structuring element during preprocessing;
the disk at P2 represents the drill bit during ablation; and P3

illustrates the super-voxel (hatched square). R2 represents tar-
get voxels that will be removed by the edge of the drill. The
white regions, R4, are unreachable because of the bluntness of
the bit. (b) Two-dimensional illustration of how the super-voxel
approach improves the efficiency of the drilling process. The
gray cells form the super-voxel within the drill bit (shaded
circle) centered at the cross. When the drill bit is active at this
location, all voxels within the super-voxel will be considered as
hit and removed from the list of remaining target voxels. The
next location for the center of the drill bit is the center of the
nearest voxel outside the super-voxel, shown as the black
cross. The cutting depth is the distance between the two
crosses (length of the dashed line).
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surroundings in a manner determined by the size and shape of a
specified “structuring element.” The structuring element used to
dilate R1 in our approach is the circle shown centered on P1. The
identical disk surrounding P2 depicts the drill bit at a specific
point on the output path. The dimensions of the structuring ele-
ment are chosen to match those of the drill bit. The dilation of R1

is accomplished by placing the center of the structuring element
on every voxel in R1 and moving all voxels within the structuring
element into R2. The new dilated forbidden region is the combina-
tion of R1, R2, and R4.

The resultant modified targeted region, R3, serves as input to
the path planning algorithm, which determines a path for the cen-
ter of the drill bit through a sequence of R3 voxels such that all of
the voxels in R2 and R3 are removed by some portion of the spher-
ical drill tip. The drill’s position, P2, in the target region has been
chosen to illustrate a limitation imposed by the bit’s physical
shape and size. Voxels in R4 are located such that they cannot be
removed by the drill bit without also removing at least one forbid-
den voxel. This problem is a consequence of the dimensions of
the bit and also exists when the drilling is performed by hand.
These unreachable nooks are filled in during the preprocessing
dilation. Additionally, a check for connectedness ensures that we
eliminate any isolated, unreachable pockets of R3. All forbidden
voxels are protected at the expense of allowing some targeted
voxels to remain undrilled ensuring that the algorithm adheres to
the rule “first do no harm.” The drill angle associated with each
target voxel is determined after the path is generated based on the
location of the drill bit within the volume, the locations of nearby
undrilled voxels, and potential collisions between the shaft and
undrilled/untargeted bone.

Our second modification of Danilchenko’s original algorithm
stems from its requirement in that algorithm that the drill bit’s
center visit each target voxel, thereby leaving the relationship
between the bit’s physical size and the dimensions of the target
voxels unexploited. We account for the size of the drill bit as it
passes through the target voxel region, R3, by creating a “super-
voxel” centered on the drill bit and consisting of a group of target
voxels whose size is determined by the desired cutting depth. As
the path of the drill’s center is planned through R3, all of the target
voxels within the super-voxel are considered to be removed
(hatched square within P3 shown in Fig. 5(a)). The identification
of these voxels increases efficiency and results in considerable
time savings. An exception to this rule occurs at those voxels in
R3 that border R2. These voxels must be touched with the center
of the drill bit to ensure that the entire original target region is
removed. The super-voxel approach allows for the adjustment of
the cutting depth of the drill bit by changing the number of target
voxels contained within the super-voxel. For example, without the
super-voxel approach, given a voxel size of 0.4� 0.4� 0.4 mm,
the commanded cutting depth of the drill would be 0.4 mm. Using
the super-voxel approach, the cutting depth would be equal to the
distance between the center of the super-voxel to the center of the
nearest voxel outside the super-voxel (Fig. 5(b)). For example,
given an image with voxel size of 0.4� 0.4� 0.4 mm and a
5� 5� 5 super-voxel, the cutting depth will be 1.2 mm.

5 Experimental Results

5.1 Free Space Accuracy Evaluation. The free space accu-
racy of the system was evaluated using the virtual target method
described in Ref. [24] using a custom phantom and drill probe
(Fig. 6). The robot attaches to the top of the phantom via three
titanium spheres similar to how it would attach to the PPF. Seven-
teen titanium spheres are embedded on the bottom of the phantom
to serve as validation markers to register the CT scan of the phan-
tom to the coordinate measurement machine (CMM) used to test
the accuracy in these experiments. The CMM used is a FARO
GagePlus (FARO Technologies, Inc., Lake Mary, FL), which has
an accuracy of 0.025 mm within its working volume. The CMM

was used to localize the 17 validation spheres and measure the
position of the drill probe at various positions. It was fixed to the
same table as the phantom to minimize any relative motion.

Multiple scans of the phantom were taken using a portable CT
scanner (xCAT ENT mobile scanner). Clinical CT scans of sev-
eral patients were used to determine clinically relevant target
points at which to test the accuracy of the system. Points on the
bone surface, in regions close to the facial nerve, the vestibule,
and the IAC were chosen as test points. These points were then
superimposed onto the scan of the phantom to serve as the “virtual
targets” in the experiment. Additionally, each of the 17 validation
spheres and the three robot fiducial spheres were automatically
localized in the CT scan of the phantom.

The robot was then mounted onto the test phantom, and the 17
validation spheres were localized using the CMM. The robot was
programd to move the drill probe to the eight virtual target loca-
tions (defined in the CT scan and transformed to the robot space
using the three fiducial sphere locations), and the probe tip was
measured at each of these target points with the CMM. After the
data were acquired, a rigid transformation with least-squares error
was calculated between the CMM coordinate system and the CT
image coordinate system using the validation spheres [25]. Then,
the CMM measurements were transformed to the CT coordinate
system and compared with the planned data points. The targeting
error was then calculated. This error includes the various sources
of error in the system, including both image processing/fiducial
localization error as well as physical robot error. This procedure
was repeated for three scans of the phantom and each scan used a
different set of target points. The measurements for each set of
points were repeated three times. The robot was removed from the
phantom, powered down, re-attached, and run-through its full ini-
tialization process each time. The results of these experiments are
summarized in Table 1. The mean and root mean square targeting
error for all four regions were 0.50 mm or less.

5.2 Cadaver Experiments. Experiments in cadaveric tempo-
ral bones were then performed. The bones were formalin-fixed
and previously frozen. Since the specimens used in these

Fig. 6 Experimental setup for free space accuracy evaluation.
The acrylic phantom contains attachment points for the robot
on top and validation spheres for registering the experimental
measurements to the CT target points on the bottom.

Table 1 Error at various target regions in free space accuracy
evaluation experiments

Location
RMS error

(mm)
Mean error

(mm)
Standard deviation

(mm)

Skull surface 0.47 0.38 0.28
Facial nerve 0.49 0.42 0.26
Vestibule 0.50 0.43 0.26
I.A.C. 0.48 0.42 0.24
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experiments are only partial temporal bones and the robot requires
a larger surface area for attaching the PPF, the bones were cast in
a hard urethane compound to provide enough space for the attach-
ment. These experiments followed the surgical workflow outlined
in Sec. 2 with one exception: the segmentations were performed
in the scan acquired with the PPF attached (defined as intra-
operative scan in Sec. 2) rather than the pre-operative scan before
attaching the PPF. A 5 mm diameter spherical, fluted drill burr
was used in all trials. After the procedure was completed, a post-
operative CT scan was acquired. The removed volume was seg-
mented using a semi-automatic method, and the postoperative
scan was registered to the pre-operative scan for comparison of
the planned versus milled volume and to check for violation of the
critical anatomy. Additionally, the specimens were examined by
an experienced surgeon postoperatively.

Mastoidectomies were performed on four temporal bone cadav-
eric specimens. A photograph of a bone after the experiment is
shown in Fig. 7. The size of the segmented volumes ranged from
3.01 cm3 to 8.85 cm3. The error along the border of the target cav-
ity was calculated by determining the distance between nearest
border/surface points on the pre-operative and postoperative seg-
mentations after the two scans were registered. The mean border
error for all trials is 0.39 mm. The error for a test specimen is
shown in Fig. 8. The border error results of the experiments are
given in Table 2, along with the distances from the facial nerve
and chorda tympani for each specimen. The first trial has higher

error margins along the surface. A prior version of the PPF was
used for this first trial; however, this was replaced with a stiffer
version for later trials, which reduced the error. Postoperative ex-
amination of all specimens revealed no damage to the vital
anatomy.

6 Conclusions and Future Work

In this paper, we have described the design and testing of a
bone-attached robotic system for mastoidectomy and a proposed
surgical workflow of the system. The bone-attached approach
reduces error in surgery by eliminating the need for an external
tracking system. The attachment of the robot does require three
additional small incisions; however, these are minor compared to
the rest of the surgery and may be outweighed by the added bene-
fit of having the robot fixed to the patient, which eliminates rela-
tive patient movement, fiducial marker occlusion, and robot/
tracker calibration accuracy as potential sources of errors or fail-
ures. Similar incisions and frame fixation are required for stereo-
tactic frames so the transition to attaching a robot for surgery is
not expected to be a difficult adaptation for surgeons.

The experiments described in this paper target simple mastoi-
dectomies. However, the system could be especially beneficial if
used for surgeries that require additional bone removal, such as
the translabyrinthine approach to remove acoustic neuromas. This
surgery requires the removal of the labyrinth, which is in a dense
bone located medial to the mastoid region and can take a signifi-
cantly longer time to drill out because of its additional depth and
the hardness of bone in this region.

Before this system can be clinically viable, several improve-
ments must be made. The robot would fit into the current surgical
workflow more smoothly if it were completely sterilizable. Then,
the entire robot could be sterilized as a single piece prior to sur-
gery, and there would be no need for bagging or for drapes
between the robot and patient. The structural pieces of the robot
as well as gears and other custom transmission components could
be made with materials that can withstand steam sterilization tem-
peratures. Currently, there are brushless DC motors on the market
that are sterilizable (steam sterilization); however, they are
designed for high-speed applications such as driving surgical
drills, and there are currently no sterilizable motors with encoders.
Therefore, these motors would have to be used with a large gear
reduction and/or external rotary sensors to be effective for posi-
tioning tasks.

The next step in the experimental evaluation of this system is to
perform experiments on complete cadaveric skulls and to use the
full clinical workflow, including both the pre-operative and intra-
operative CT scans. Additionally, the time of the procedure must
be monitored and compared with the current method. Procedure
time was not emphasized in these initial cadaver experimental tri-
als; however, it is clear that improvements must be made to
shorten the procedure time. A key factor in the success of a
robotic surgical system, in addition to improving patient safety
and allowing surgeons to perform procedures that they would not
otherwise be able to perform, is cost. Much of the cost associated
with surgery is operating room time. So, if the overall time of

Fig. 7 Temporal bone specimen after robotic mastoidectomy

Fig. 8 Surface error for a cadaver bone. The different colors
along the surface represent the error between target and actual
milled volumes. A negative error value indicates that the sur-
face of the actual milled volume at that location was inside the
planned volume.

Table 2 Border error for the removed volume of bone and dis-
tances between the removed volume and vital anatomic struc-
tures for cadaver experiments

Border error (mm) Distance from vital nerves (mm)

Mean Std. Facial nerve Chorda tympani

Bone 1 0.73 0.39 2.39 3.48
Bone 2 0.44 0.31 1.71 2.08
Bone 3 0.19 0.13 0.89 2.36
Bone 4 0.18 0.17 1.61 2.90
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procedure can be reduced to be at or below the current state of the
art, a bone-attached robotic system for mastoidectomy may have
the potential to be commercially successful.
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