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Hypothesis: During robotic milling of the temporal bone, forces
on the cutting burr may be lowered by choice of cutting parameters.
Background: Robotic bone removal systems are used in or-
thopedic procedures, but they are currently not accurate enough
for safe use in otologic surgery. We propose the use of a bone-
attached milling robot to achieve the required accuracy and
speed. To design such a robot and plan its milling trajectories, it
is necessary to predict the forces that the robot must exert and
withstand under likely cutting conditions.

Materials and Methods: We measured forces during bone re-
moval for several surgical burr types, drill angles, depths of
cut, cutting velocities, and bone types (cortical/surface bone and
mastoid) on human temporal bone specimens.

Results: Lower forces were observed for 5-mm diameter burrs
compared with 3-mm burrs for a given bone removal rate.
Higher linear cutting velocities and greater cutting depths in-
dependently resulted in higher forces. For combinations of

velocities and depths that resulted in the same overall bone re-
moval rate, lower forces were observed in parameter sets that
combined higher cutting velocities and shallower depths. Lower
mean forces and higher variability were observed in the mastoid
compared with cortical/surface bone.

Conclusion: Forces during robotic milling of the temporal bone
can be predicted from the parameter sets tested in this study.
This information can be used to guide the design of a suffi-
ciently rigid and powerful bone-attached milling robot and to
plan efficient milling trajectories. To reduce the time of the
surgical intervention without creating very large forces, high
linear cutting velocities may be combined with shallow depths
of cut. Faster and deeper cuts may be used in mastoid bone
compared with the cortical bone for a chosen force threshold.
Key Words: Mastoidectomy—Robotic surgery—Temporal bone
milling.
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BACKGROUND

Robotic systems have been successfully developed for
orthopedic bone machining procedures, and several sys-
tems are commercially available for joint arthroplasty and
resurfacing, including the RIO System (Mako Surgical
Corp., Ft. Lauderdale, FL, USA), ROBODOC Surgical
System (Curexo Technology Corp., Fremont, CA, USA),
and CASPAR (URS Ortho GMBH & Co. KG, Rastatt,
Germany). Bone drilling and bone removal procedures
are tasks for which robotics can be especially beneficial
because the rigidity of bone enables the procedure to be
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completely planned based on preoperative images, with
minimal risk of bone deformation during surgery that
could cause deviations from the planned trajectory. In
the field of otology, a robotic bone milling system could
be beneficial for performing a mastoidectomy, which has
been shown to be feasible by Danilchenko et al. (1).
Automation of this procedure, which is performed ap-
proximately 100,000 times annually (2), could lead to a
reduction in operating time and costs and potentially fewer
complications (3). Furthermore, because the mastoidec-
tomy is typically a component of a complex surgical pro-
cedure, automation of this portion of the surgery could
preserve the surgeon’s manual dexterity for more deli-
cate, challenging work such as electrode placement in
cochlear implantation or tumor removal in acoustic neu-
roma surgery.

However, the commercial systems mentioned previ-
ously are being used for orthopedic procedures and are
not accurate enough for otologic surgeries (4,5), which re-
quire submillimetric accuracy to avoid critical structures
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embedded and hidden within the bone (e.g., facial nerve,
sigmoid sinus, external auditory canal, and carotid artery)
(6). To align the drill tip with the target area of the pa-
tient and account for any movement during surgery, a
tracking system is used to determine the position and
orientation of the patient relative to the robot throughout
the procedure. This tracking requirement introduces an
error in aligning the drill, which is attached to the end-
effector of the robot, with the target volume of bone to be
removed. One approach to reducing the registration error
and relative motion between the robot and the patient is
to use a bone-attached robot. The robot’s coordinate sys-
tem can then be registered to the patient’s anatomy using
fiducial markers in the preoperative images. Automatic seg-
mentation of critical temporal bone anatomy (7-9) can be
performed on these images and incorporated into the tra-
jectory planning of a robot to avoid vital structures and
optimize the milling path. This bone-attached robotic tech-
nique has been shown to be successful for the accuracy
required for pedicle screw placement for spinal fusion
surgery by the Renaissance Spine Surgery system (Mazor
Robotics Ltd., Israel). Additionally, the accuracy required
for otologic procedures has been achieved using a com-
pact robot as an automated, stereotactic frame for percu-
taneous cochlear implantation (10).

To extend the capabilities of bone-attached positioning
robots to perform milling with a high level of accuracy
and avoid violation of critical structures, it is necessary to
consider the forces between the drill tip and bone. Along
with the knowledge of the location and dimensional con-
straints imposed by these structures (6-9), this force data
provide the design criteria for a robot that is stiff enough
to not have displacements that would cross a given “safety
zone” around these structures. To successfully execute a
trajectory, the robot’s motors must be adequately pow-
ered and controlled, and deformations of the robot’s
frame due to mechanical stresses must be minimized. The
robot must be able to exert a specified force in the di-
rection of the cut, while simultaneously rejecting distur-
bance forces in other directions so that it can maintain the
desired trajectory within the specified accuracy. There-
fore, knowledge of these forces is an essential component
in determining the robot’s kinematic design, selecting ma-
terials, and choosing actuators. Also, force information for
different cutting parameters and bone types may allow
the milling trajectory to be optimized. For example, if
there is an area that is expected to induce larger forces
because of the bone type or drill angle required in that
area, specific depths and cutting velocities can be used to
ensure that the forces stay below a given threshold. In
areas of the milling cavity that yield lower forces, faster
and deeper cuts can be specified to minimize the time of
the procedure.

Several previous studies have investigated the forces
applied in both manual and robotic bone removal (11-15).
Arbabtafti et al. performed several force measurement ex-
periments to verify the accuracy of a haptic simulation of
bone machining. The authors examined the effects of
drill angles, feed rates, and spindle speeds on forces, when
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milling bovine femurs. The data presented indicate rela-
tionships between milling parameters and recorded forces
in bone, suggesting a similar pattern may be identified for
human temporal bone milling. The authors did not ex-
amine the influence of depth of cut, which is known to
affect cutting forces and accuracy in industrial milling
(16). Plaskos et al. tested forces and specific cutting en-
ergies for orthogonal milling in bovine cortical bone for
the purpose of modeling and optimizing bone cutting for
orthopedic surgery (12). The authors selected cutting pa-
rameters similar to those used in clinical practice (very high
cutting velocities and shallow depths of cut) and demon-
strated that the cutting forces and specific cutting energy are
significantly different than at lower speeds. Denis et al.
examined the effects of feed per tooth and spindle speed
on forces, surface flatness and temperature rise for robotic
total knee arthroplasty procedures and concluded that
forces increase with feed per tooth (13). Englehardt et al.
and Bast et al. examined manual milling forces, temper-
ature, time of procedure, and accuracy of neurosurgeons
of different skill levels using bovine scapula specimens
(14,15). They then compared robotic milling forces for cra-
niotomies and craniectomies with a robot to that of milling
forces of neurosurgeons performing the same procedure
and found that the robot was faster and more accurate and
resulted in lower forces than the surgeons.

Federspil et al. tested milling forces on human tem-
poral bones and also investigated using a robot to perform
a mastoidectomy (17-19). The authors examined some
of the parameters required for robotic bone milling by
testing milling forces on 2 temporal bone specimens. Dif-
ferent drill rotational speeds, cutting velocities, and various
path parameters and burr types were tested, and the au-
thors provided a set of parameters for calvarium bone
and mastoid bone (5 mm/s at 30,000 rpm in calvarium
and 1 mm/s at 30,000 rpm in the mastoid) that best fit
within a criterion of 10 N maximum force and 60°C max-
imum temperature. For a compact, bone-attached robot,
physical limitations imposed by the geometry and the spe-
cific actuators may require forces lower than 10 N, so it is
necessary to characterize the milling forces for a broad
range of conditions, including different depths of cut, drill
angles, and higher, more clinically relevant drill rotational
speeds. It is also important to know the forces associated
with nonoptimal milling parameters because optimal mill-
ing parameters are not possible in all areas of the milling
region. Additionally, to plan an efficient milling trajec-
tory, it is necessary to have relationships between different
depth and cutting velocity combinations to determine which
combinations result in both lower forces and shorter pro-
cedure times. Finally, we believe that more efficient cutting
parameters can be used in the mastoid region with respect
to the harder bone of other areas of the temporal bone,
allowing for faster removal of bone while still maintain-
ing low forces. Therefore, our study focused on examining
the milling forces across many temporal bone specimens
for a wide range of cutting parameters and different bone
types to aid in the design and trajectory optimization of a
bone-attached milling robot for performing a mastoidectomy.
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MATERIALS AND METHODS

To measure milling forces in human temporal bone, an in-
dustrial robot was programmed to mill test specimens under
a variety of cutting parameters. To simulate the condition of a
bone-attached milling robot, which has very little motion be-
tween the robot base and the bone, we constructed an appara-
tus to immobilize temporal bone specimens with respect to the
base of the industrial robot (Fig. 1). The specimens were milled
using a drill fixed to the end effector of the robot, and force
measurements were recorded.

A Mitsubishi RV-3S (Mitsubishi Electric and Electronics,
USA, Inc., Cyprus, CA, USA) robot was used for the experi-
ments (20). This robot was chosen for its high repeatability
(+0.02 mm) and ability to achieve the orientations and velocities
required for the given parameter ranges in this study; however, it
is important to note that the forces measured reflect the cutting
parameters and bone type and not this specific robot. An Anspach
E-max high-powered electric drill (The Anspach Effort, Inc.,
Palm Beach Gardens, FL, USA) was fixed to the end-effector of
the robot using a custom attachment piece, which also held the
tubing used for irrigation of the drill tip and bone. This same model
drill is used clinically by surgeons in the Otolaryngology de-
partment at Vanderbilt University Medical Center. It can op-
erate at speeds up to 80,000 revolutions per minute and contains
an integrated cooling system. An ATI Six-Axis Force/Torque
Sensor System (ATI Industrial Automation, Apex, NC, USA)
was mounted between the robot end-effector and surgical drill
to measure the forces at the drill tip. The force measurements
were recorded using a National Instruments DAQ (National In-
struments Corp., Austin, TX, USA) at a sampling rate of
10,000 Hz. Defrosted formalin-fixed temporal bone specimens
were used for all experimental trials. Formalin-fixed bones have
been shown to have similar material properties to fresh cadaver
bones and, thus, can be considered as an accurate representa-
tion of what will be encountered in vivo (21-24). The specimens
were potted in a urethane casting compound to immobilize them
during milling with the portion of the bone to be milled posi-
tioned 10 to 15 mm above the top of the urethane. The urethane
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block was securely fastened to a table approximately 2 feet from
the base of the robot.

To obtain accurate and consistent depths of cut, the area of
the experimental milling path was premachined by the robot to
create a flat surface. The flat surface was machined using the
same cutting burr and drill angle as the subsequent experimen-
tal run(s), so the exact coordinates of the flat plane in the robot
coordinate frame were known. This preparation method took ad-
vantage of the high pose repeatability of the robot, and it is
reasonable to assume that the error in depth of cut was reduced
to the repeatability error of the robot (+0.02 mm) using this pro-
cedure. After the flat plane was created, an experimental cutting
pass was made, and the forces were measured in 3 orthogonal
directions relative to the position of the force sensor. Based on
the angle of the drill, the forces at the surface of the bone could
be calculated. The coordinate frame directions relative to the
surface of the bone are shown in Figure 2. We programmed
the robot to move at a constant depth and cutting velocity for
the entire experimental cutting pass, which varied between 14
and 18 mm based on the restricted amount of bone available
to be milled in that particular area of the specimen. The cuts in
cortical bone were performed as close to the surface as possi-
ble to allow for a large enough flat surface for a given cut
(approximately 0.5 to 2.0 mm deep, depending on the particular
specimen). The cuts in the mastoid region were performed ap-
proximately 4.0 to 6.0 mm below the surface of the temporal
bone to allow for a long depth of cut that is entirely made up of
the trabecular bone.

We performed 4 sets of experiments to measure forces when
milling using the parameters listed in Table 1. In all experi-
ments, the milling was performed using the climb milling ap-
proach (i.e., the burr spins such that the flutes contact the bone
in the opposite direction as the motion of the burr, see Fig. 2).
Because climb milling induces higher forces, these data can be
used as design criteria for a robotic system that uses both climb
and conventional milling approaches. Along with developing
robot design criteria, an objective of this study was to acquire
data to aid in optimizing milling parameters. Thus, it was im-
portant to first develop a relationship between cutting forces and
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FIG. 1. A, Photograph of robotic milling experimental setup. B, Close-up photograph of 5-mm fluted burr milling a path in cortical bone

of the temporal bone.
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FIG. 2. Schematic of drill moving through the milling path. The surface of each bone was machined to a planar surface before each
experimental milling trajectory for accurate determination of the drill angle and depth of cut. The bone removal rate was determined by

the cross-sectional area of cut and the cutting velocity.

bone removal rate for the different burr types so that a burr could
be chosen that minimizes the overall duration of the milling
procedure while maintaining relatively low required forces from
the robot. In manual milling procedures, the surgeon will often
change burr types for different areas of the milling cavity.
However, in a robotic system, it is desirable to use a single burr if
possible to minimize the overall time of the procedure and avoid
complications related to re-registering the images of the patient’s
anatomy to the robot’s coordinate frame after the burr is
changed. It is also necessary to compare different cutting angles
because certain areas of the milling cavity permit different drill
orientations. Thus, it is important to identify any differences in
forces for the various orientations. Next, it is important to
compare the forces at various depths of cut and cutting veloci-
ties. Together with the burr size, these parameters determine the
bone removal rate and, in turn, the duration of a procedure. In
solid bone, the bone removal rate is equivalent to the cross-
sectional area of the burr engaged with the bone multiplied by
the linear cutting velocity as shown in Figure 2. The bone re-
moval rate has units of volume of bone over time. In addition to
choosing a bone removal rate, it may be possible to choose the
combination of depth and cutting velocity for a specific rate that
yields lower forces. Therefore, the different depths and velocities
tested were selected to allow for comparison of each parameter
individually, comparison of different bone removal rates, and
comparison of parameter combinations for a specific removal
rate. Finally, because a mastoidectomy requires the removal of
both cortical and trabecular bone, these 2 bone types were tested
and compared. Because of the variability in both hardness and
porosity in bone between various specimens, each trial for a
given set of cutting parameters was performed in a different
specimen, and in most cases, a given specimen was used for 1
trial of each set of parameters being compared.

Comparison of Cutting Burr Types

We selected 3 cutting burrs that are used frequently in mas-
toidectomy procedures for comparison—a 5-mm fluted burr, a
3-mm fluted burr, and a 3-mm diamond burr. Fluted burrs have
cutting flanges, which remove tissue by cutting radially from the
center of the bit, whereas diamond burrs have industrial dia-
monds embedded on their surface to radially abrade tissue. They
were tested in cortical bone at a fixed angle of 20 degrees and
drill speed of 80,000 RPM under 2 different combinations of
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cutting velocity and depth of cut. The velocities and depths were
chosen such that the bone removal rates were the same for the 3-
and 5-mm burrs (i.e., the 3-mm burr must cut faster at a given
depth or deeper at a given velocity to remove the same amount
of bone as the larger burr). In one of the bone removal rates, the
cutting velocity for the 3- and 5-mm burrs were equal, and in the
other bone removal rate, the depths were equal.

Comparison of Drill Angles

In the next experiment, drill angles of 20, 40, 60, and 90 degrees
were tested. The drill angle is measured relative to the surface
of the bone being cut. In this experimental setup, the angle is
measured from the planar surface of the bone (Fig. 2). Lower
angles use more of the side of the burr, whereas higher angles
use more of the tip of the burr. For all of these trials, which were
performed in cortical bone, a 5-mm fluted burr was used along
with a spindle speed of 80,000 RPM, cutting velocity of 2 mm/s
and depth of 1 mm.

Comparison of Various Depths of Cut
and Cutting Velocities

To test different combinations of depths of cut and cutting
velocities, depths were chosen between 0.5 and 1.5 mm, and cut-
ting velocities were chosen between 1 and 8 mm/s for a total of
14 different combinations (Table 2). The depth of cut and ve-
locity combinations tested were chosen in part to allow for
comparison of different depth and cutting velocity combinations
that resulted in the same overall bone removal rate. For all of
the trials in this study, a 5-mm fluted burr was used at an angle
of 20 degrees and a drill spindle speed of 80,000 RPM. Again,
cortical bone in the temporal bone of a human skull was used
for all trials.

TABLE 1. Cutting parameters and ranges tested in this study

Cutting parameter Range tested

Burr type 3 mm fluted, 5 mm fluted, 3-mm diamond
Drill angle 20-90 degrees

Depth of cut 0.62—1.64 mm

Cutting velocity 1-8 mm/s

Drill spindle speed 80,000 RPM (held constant)
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TABLE 2. Depth/velocity combinations tested and the
corresponding bone removal rate for each combination

Corresponding bone

Depth (mm) Velocity (mm/s) removal rate (mm3/s)
0.62 2.0, 4.0, 8.0 2.8,5.6,11.2
1.00 1.0, 2.0, 4.0, 6.0 2.8,5.6,11.2,16.8
1.33 1.0, 2.0, 4.0, 5.35 4.2,84,16.8,22.4
1.64 1.0, 2.0, 4.0 56,112,224

Each row shows all of the velocities tested for that particular depth.

Comparison of Different Bone Types

In the final experiment, a subset of the parameters used pre-
viously in cortical bone was tested in the trabecular bone in the
mastoid region (Fig. 3). Three depth/velocity combinations were
chosen to allow for comparisons at multiple sets of cutting pa-
rameters. Because there is more variation in the mastoid within
a single specimen than in cortical bone, 2 trials for each mastoid
specimen were performed, compared with 1 trial per specimen
in the cortical bone.

In each trial for all 4 of the experiments discussed previously,
only the force measurements after the burr was completely en-
gaged in the bone were considered; the “transient” portion of
the data, as the forces rose from zero to their relatively “steady-
state” value, was removed. Figure 4 shows an example of the
recorded forces for a typical trial, including the transient rise
in forces. Once steady-state was achieved, mean force values for
each condition over the remaining portion of the trial were
generated. Comparisons of 2 sets of mean force values (e.g., ##
versus ##) were conducted using independent samples 7 tests.
Comparisons of more than 2 sets of mean force values (e.g., ##
versus ## versus ##) were initially tested using a 1-way analy-
sis of variance. If there was a statistically significant difference
among the means, post hoc pairwise comparisons were con-
ducted to determine which specific pairs of differences were
accounting for the overall finding. If the assumption of homo-
geneity of means was met, Bonferroni adjusted post hoc tests
were used; if not, Dunnett C tests were used. Given the pre-
liminary nature of this work, other than for the post hoc tests,

no adjustment to the overall alpha of 0.05 was used. In other
words, an alpha of 0.05 (p < 0.05) was used to determine sta-
tistical significance.

RESULTS

Comparison of Cutting Burr Types

In the first experiment, the 5-mm fluted burr achieved
bone removal rates with lower forces than both the 3-mm
fluted and the 3-mm diamond burrs (Fig. 5). For a bone
removal rate of 4.1 mm?/s, the mean force exerted on the
5-mm fluted burr was 0.75 N (£0.28 N) lower than the
3-mm fluted burr (p = 0.041) and 1.16 N (+0.28 N) lower
than the 3-mm diamond burr (»p = 0.001). For a bone
removal rate of 8.4 mm3/s, the mean force exerted on the
5-mm fluted burr was 0.90 N (+0.27 N) less than the 3-mm
fluted burr (p = 0.009) and 1.37 N (£0.27 N) lower than
the 3-mm diamond burr (p < 0.001). The difference in
cutting forces between the 2 different 3-mm burr styles
was not statistically significant. Because the forces were
lower for the 5-mm fluted burr and the larger burr allows
for more depth/velocity combinations for a given bone
removal rate, allowing more flexibility in trajectory plan-
ning, the 5-mm fluted burr was chosen to be used for the
other experiments.

Comparison of Drill Angles

In the second experiment, four drill angles (20, 40, 60,
and 90 degrees) were compared using the 5-mm fluted
burr and constant spindle speed, cutting depth and linear
cutting velocity. The mean and maximum forces recorded
for each trial of the 4 angles tested are given in the Ap-
pendix. There was not a statistically significant difference
in mean forces between these angles; however, the max-
imum forces measured were higher for greater cutting an-
gles. Figure 6 shows an example of the high spikes in
forces for greater drilling angles.

FIG. 3. A, Photograph of temporal bone specimen before milling. B, Specimen after experimental trials showing the trabecular bone of

the mastoid tip.
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FIG. 4. Typical plot of experimental data in cortical bone. This
plot shows a trial using a 3-mm fluted burr at an angle of 20 de-
grees relative to the bone, a depth of cut of 1.00 mm, and a velocity
of 2.0 mm/s. The data have been transformed to the coordinate frame
relative to the bone, as shown in Figure 2. For each force direction
(%, Y, 2), the dark lines represent a moving average of the data and the
light-colored lines represent the instantaneous measurements.

Comparison of Various Depths of Cut
and Cutting Velocities

As seen in Figures 7 and 8, the mean cutting force in-
creased as depth of cut and cutting velocity increased. This
was true for each of the depths of cut tested and each of
the cutting velocities tested. The mean cutting force in-
creased more sharply for increases in depth of cut com-
pared with increases in cutting velocity. See Appendix A
for more detailed results of each of the depth/velocity com-
binations as well as the statistical comparisons of the re-
sults shown in Figures 7 and 8. Five of the bone removal
rates included in the experiment were tested with multi-
ple depth/velocity combinations. In each of these cases
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FIG. 5. Comparison of mean force magnitude for the 5-mm
fluted, 3-mm fluted, and 3-mm diamond burrs. For both bone re-
moval rates, the 5-mm fluted burr had lower mean forces.
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FIG. 6. Plot of experimental data using drill angle of 90 degrees
relative to the bone surface. The mean force (represented by the dark
blue line) is approximately 1.1 N; however, the force increases no-
tably at several points along the cutting path, reaching forces of up to
4.6 N. The light blue data represents instantaneous measurements.

(Table 3), the mean force was lower for the settings that
had a shallower depth of cut and faster cutting velocity.

Comparison of Different Bone Types

In the final portion of this study, the forces arising in
the trabecular bone within the mastoid were significantly
lower than in cortical bone for the 2 cases tested using
higher depths and velocities. Additionally, the variability
in force was higher for the trabecular bone in both cases.
For a depth of 1.0 mm and velocity of 4.0 mm/s, the mean
force was 1.32 N for the cortical bone with a coefficient
of variance of 0.13 compared with a mean force of 0.86
N for trabecular bone with a coefficient of variance of 0.56
(p <0.001 for comparison of mean forces). For a depth of
1.64 mm and velocity of 4.0 mm/s, the mean force was

3
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1.33 mm Depth ||
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+ o m e
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Force Magnitude [N]
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FIG.7. Comparison of mean force magnitudes for various linear
cutting velocities at 4 different depths of cut.
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FIG. 8. Comparison of mean force magnitudes for various cut-
ting depths at 3 different linear cutting velocities.

2.77 N for the cortical bone with a coefficient of variance
of 0.12 compared with a mean force of 1.44 N for the
trabecular bone with a coefficient of variance of 0.44 (p =
0.016 for comparison of mean forces). For the shallower/
slower set of parameters (1.0 mm, 1.0 mm/s), the forces for
both bone types were very low, so there was not a sta-
tistically significant difference in mean force values (p =
0.077). Even within a single specimen, the forces can vary
considerably between cutting paths, so 2 trials for each set
of parameters were performed in each of the 8 specimens.
Figure 9 shows the variability along a cutting path in the
mastoid as well as the potential difference in both mag-
nitude and direction of force from one path to another.

CONCLUSION

Because forces at the drill tip are transferred up the
shaft and result in deflection of the robot, these forces

TABLE 3. Comparison of different depth/velocity
combinations for a given bone removal rate

Depth/ Depth/  Mean force

Bone removal ~ Velocity ~ Velocity — difference  Standard
rate (mm?/s) I (mnvs) 2 (mm/s) (1-2)(N) error (N) Y4
2.8 0.62, 2.0 1.0,1.0  —0.26 0.11 0.039
5.6 0.62, 4.0 1.0,2.0  —0.12 0.09 0.596
0.62,4.0 1.64,1.0 —=0.92 0.09 <0.001
1.0,20 1.64,1.0  —0.80 0.09  <0.001
11.2 0.62, 8.0 1.0,40  —0.29 0.07  <0.05"
0.62,8.0 1.64,2.0 —1.36 0.18 <0.05¢
1.0,40 1.64,20 —1.07 0.18  <0.05“
16.8 1.0,6.0 133,40  —0.40 0.16 0.028
224 133,535 1.64,40  —0.55 0.22 0.058

All trials were performed in cortical bone with a 5-mm fluted burr, at a
20-degree drill angle, and a drill spindle speed of 80,000 RPM. “‘Depth/
Velocity Set 17’ and “‘Depth/Velocity Set 2°” are the 2 depth/velocity
combinations being compared. In all cases, lower forces were achieved
for a given bone removal rate with lower cutting depths and higher
cutting velocities.

“Because of inhomogeneous variances, Dunnett C test was used, and
exact p value not given.
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FIG. 9. Examples of milling forces in the mastoid. Lower overall
forces were observed in the mastoid than in cortical bone, although
both the direction and magnitude of the force showed greater vari-
ance than in the cortical bone. For each force direction (x, y, z), the
dark lines represent a moving average of the data, and the light-
colored lines represent the instantaneous measurements.

have a direct effect on the accuracy of the robot. Therefore,
it is necessary to incorporate this force information—
along with the necessary robot workspace, required accu-
racy and size constraints—in the design of a bone-attached
robot for mastoidectomy and other skull-based surgeries.
In addition to its use in the design process, the force data
presented in this study can be used to optimize the mill-
ing trajectory such that the forces at the drill tip are mini-
mized. Based on the forces observed in this study, it is
reasonable to assume that by incorporating this data into
the design and trajectory planning of a robotic system,
the procedure can be completed faster by a robot than
a human.

The lower force using the 5S-mm burr compared with
the 3-mm burr at similar bone removal rates allows for
faster removal of the target bone volume. Compact robots
are inherently limited in the force that they can produce
and withstand; thus, it is desirable to use the larger burr
when possible to achieve a given bone removal rate. How-
ever, geometrical constraints of the milling cavity and the
critical anatomy within the cavity do not always permit
larger burr sizes, so these constraints must be balanced
with the expected forces when choosing the appropriate
burr and cutting/trajectory specifications.

The mean forces at the drill tip do not seem to be sig-
nificantly affected by the drill angle. However, relatively
large transient forces were observed at greater drill an-
gles, suggesting that the angle of the burr relative to the
cutting surface should be minimized when possible. While
milling larger areas such as the layer of cortical bone and
the outer portion of the mastoidectomy, it is possible to
cut at very small angles, thus using the side portion of
the burr for the majority of the cut. However, for the
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portions of the trajectory that are deeper in the skull, it is
not always possible to cut at optimal angles. In these
areas, the cutting velocity and/or depth of cut must be re-
duced to avoid large increases in force that could affect
the accuracy of the robot.

Lower forces were observed for the same bone removal
rate for parameter combinations that used shallower depths
and higher cutting velocities compared with deeper cuts
at lower velocities. This information can be applied to the
design of the robot by specifying actuators and gearing
that allow for higher end-effector velocities. Furthermore,
the time for a robotic procedure can be reduced without
increasing forces on the robot—and thus impacting the
accuracy—by limiting the depth of cut and increasing the
cutting velocity. Although none of the cutting parame-
ters tested in this experiment resulted in forces higher
than 5 N, higher values should be anticipated in the de-
sign of the robot to account for potential spikes in forces
as seen in the angle comparison trials at higher angles
and as a general factor of safety. This factor of safety will
also account for any differences between the experimen-
tal forces measured in formalin-fixed bones and forces
in vivo.

The different forces arising in cortical bone compared
with the pneumatized bone of the mastoid can also be
applied to planning the milling trajectory. The robot
should be designed to withstand the higher forces that
occur while milling cortical bone but specifying different
cutting parameters in the mastoid region allows for op-
timal path planning. However, the cumulative density of
bone in the mastoid—accounting for both bone and air—
can differ significantly from patient to patient. In general,
milling in well-pneumatized bone results in lower forces
for a given depth and cutting velocity as there is a lower
amount of bone to be removed overall. However, because
of the irregularity of the bone and air patterns, the burr
can be in contact with different quantities of bone through-
out the cut leading to more variability. Even within a
single specimen, the forces can vary significantly between
cutting paths. Thus, a robotic system should use force
control to allow for altering the cutting parameters (i.c.,
cutting velocity) based on the irregularity of bone through-
out its cutting path. Additionally, a topic of future work
in this area could focus on developing a relationship be-
tween milling forces and bone density in the mastoid, air
pocket sizes and patterns to allow for further improve-
ments of the planned trajectory and patient-specific cut-
ting parameter ranges.
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APPENDIX
The following tables provide results for the comparison of forces for the 4 different drill angles, each of the 14 combinations tested in

the experiment comparing various depths and cutting velocities, as well as the statistical comparison of mean force magnitude for the
different velocities tested at a constant depth and the different depths tested at a constant velocity.

APPENDIX TABLES

TABLE Al. Force magnitude data (in Newtons) for all trials for each drill angle tested. All trials were performed in cortical bone
with a 5 mm fluted burr, a depth of cut of 1 mm, a cutting velocity of 2 mm/s, and a drill spindle speed of 80,000 RPM.

20-degree drill angle

40-degree drill angle

60-degree drill angle

90-degree drill angle

Trial # Mean Max. Mean Max. Mean Max. Mean Max.
1 0.91 1.67 0.81 1.95 1.08 2.87 0.98 2.45
2 1.12 2.24 0.75 1.61 0.92 2.12 1.27 3.58
3 1.12 1.75 0.90 2.88 1.76 2.57 1.56 5.11
4 1.50 2.57 1.41 2.67 1.62 2.50 1.40 3.65
5 0.97 1.41 1.29 2.30 1.46 2.53 1.15 4.59
6 1.07 1.54 1.53 2.28 1.85 3.01 1.01 5.41
7 0.89 1.84 1.16 2.67 1.24 2.72 1.36 4.36
8 0.46 1.57 0.55 1.63 0.61 2.35 0.87 13.13
Mean (standard deviation) 1.01 (0.294) 1.05 (0.348) 1.32 (0.433) 1.20 (0.240)

TABLE A2. Mean force and standard deviation for each depth/velocity combination. All trials were performed in cortical
bone with a 5-mm fluted burr, at a 20-degree drill angle, and a drill spindle speed of 80,000 RPM.

Cutting depth (mm)

Cutting velocity (mm/s)

Mean force magnitude (N)

Standard deviation (N)

0.62 2.00 0.65 0.15
0.62 4.00 0.90 0.11
0.62 8.00 1.03 0.11
1.00 1.00 0.90 0.27
1.00 2.00 1.02 0.21
1.00 4.00 1.32 0.17
1.00 6.00 1.55 0.26
1.33 1.00 1.28 0.42
1.33 2.00 1.44 0.34
1.33 4.00 1.95 0.35
1.33 5.35 2.23 0.53
1.64 1.00 1.82 0.22
1.64 2.00 2.39 0.49
1.64 4.00 2.78 0.33

TABLE A3. Comparison of different cutting velocities at each depth of cut tested. All trials were performed in
cortical bone with a 5-mm fluted burr, at a 20-degree drill angle, and a drill spindle speed of 80,000 RPM.
In this table, “‘Velocity 1" and “‘Velocity 2"’ are the 2 values being compared.

Cutting depth (mm)

Velocity 1 (mm/s)

Velocity 2 (mm/s) Mean force difference (1 —2) (N) Standard error (N) P
0.62 2.0 4.0 =0.25 0.06 0.002
2.0 8.0 —0.38 0.06 <0.001
4.0 8.0 —0.13 0.06 0.137
1.00 1.0 2.0 —0.12 0.12 1.000
1.0 4.0 —0.42 0.12 0.007
1.0 6.0 —0.64 0.12 <0.001
2.0 4.0 —0.30 0.12 0.092
2.0 6.0 —0.52 0.12 0.001
4.0 6.0 —0.23 0.12 0.370
1.33 1.0 2.0 —0.16 0.21 1.000
1.0 4.0 —0.66 0.21 0.022
1.0 5.35 —0.94 0.21 0.001
2.0 4.0 —0.51 0.21 0.135
2.0 5.35 —0.78 0.21 0.005
4.0 5.35 —0.28 0.21 1.000
1.64 1.0 2.0 —0.56 0.18 0.016
1.0 4.0 —0.95 0.18 <0.001
2.0 4.0 —0.39 0.18 0.133
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TABLE A4. Comparison of different cutting depths at each of the velocities tested. All trials were performed in cortical bone
with a 5-mm fluted burr, at a 20-degree drill angle, and a drill spindle speed of 80,000 RPM. In this table, “Depth 1~ and
“Depth 2" are the 2 values being compared. For all comparisons, a Dunnett C test was used after the analysis of variance

test because of inhomogeneous variances and thus exact p values not determined.

Cutting velocity (mm/s) Depth 1 (mm) Depth 2 (mm) Mean force difference (1 —2) (N) Standard error (N) p
1.0 1.00 1.33 —0.38 0.18 >0.05
1.00 1.64 -0.92 0.12 <0.05
1.33 1.64 —0.54 0.17 <0.05
2.0 0.62 1.00 —0.37 0.09 <0.05
0.62 1.33 —0.79 0.13 <0.05
0.62 1.64 —1.74 0.18 <0.05
1.00 1.33 —0.42 0.14 >0.05
1.00 1.64 —1.36 0.19 <0.05
1.33 1.64 —0.94 0.21 <0.05
4.0 0.62 1.00 —0.42 0.07 <0.05
0.62 1.33 —1.04 0.13 <0.05
0.62 1.64 —1.88 0.12 <0.05
1.00 1.33 —0.63 0.14 <0.05
1.00 1.64 —1.45 0.13 <0.05
1.33 1.64 —0.83 0.17 <0.05
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