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In order to minimize complications during orthopedic surgery, the important of research in this field is gaining importance and more studies
are being conducted. The use of robotics and autonomous systems is gaining importance to achieve the aims reducing complications,
lowering operation times, and increasing the surgical reliability and effectiveness in bone drilling operations that constitute a sub-set of
the Computer-Aided Orthopedic Surgery (CAQOS) issue. In this study, signal processing-based approaches for breakthrough detection
during bone drilling operations, robotic autonomous systems that optimize optimal plunge and drilling speed while drilling, most effective
drilling parameters that affect bone perforation, and studies conducted to improve the safety and efficiency of surgical operations, such
as radiological imaging, were investigated. A systematic review of recent studies on bone drilling was performed and potential research
topics were proposed for possible future studies.
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INTRODUCTION

Bone drilling is performed in many surgical procedures in orthopedic surgery as well as in the fields of neurosurgery,
plastic surgery, and otorhinolaryngology (1). During surgery to fixate fractured bones after a trauma, implants like nails,
plates, screws, and wire are used (2, 3). These implants are inserted into holes made by drilling cylindrical tunnels into
the bone with an appropriate drill bit, using orthopedic drills (1). Risks during the drilling procedure, include harm caused
to the bone, muscle, nerves, and venous tissues by the drill bit if the rapidly rotating drill is wrapped by the surrounding
tissue in an uncontrolled manner or if the drill bit does not stop immediately after it exits the second cortex of the bone
(Figure ). Identification of the moment when the drill bit exits the second cortex is called “breakthrough detection”.
During orthopedic surgery, when bones are drilled manually, a large pushing force is applied fo the drill bit with the drill
bit advance varying with changes in the force applied. Currently, the speed of drill bit advance is controlled manually
by the surgeon. The performance during the drilling procedure is strongly linked to the surgeon’s technical skills, based
on "drilling by feel” (4) or “drilling by sound” based on sound information (5). The drilling forces perceived by the sur-
geon are a relative concept. The entry speed of the drill bit is linked to the health /status of the bone and the type of drill
used (6). In orthopedic trauma surgery, it is necessary to obtain efficiency and accuracy in the surgical operations using
robots for bone-drilling procedures (7). Two types of approaches are used to overcome this issue in scientific studies.
The first approach is the computer-supported orthopedic surgery approach that uses medical imaging, localization of
the musculoskeletal system, and surgical tools in three-dimensional (3D) space, combined with a semi-robotic system
for orthopedic surgery operations (8). The other approach involves the addition of the integrated bone breakthrough
algorithms to the available orthopedic drills (9, 10). This study aimed to investigate the current approaches used for the
drilling procedure using orthopedic drills and perform a literature review to create an easily accessible resource for
future researchers.
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Breakthrough detection

Brett et al. (I1) Proposed a method to perceive bone break-
through during the bone drilling procedure. They proposed
that sudden changes in the force data represented break-
through in this method. They used the derivative property of
force data for the identification algorithm. They completed
breakthrough identification with the limit value determined
using this derivative information. Wen-Yo Lee and Ching-
Long Shih (I12) designed an autonomic robot that perceived
bone breakthrough without harming the vital organs. In this
proposed robotic system, robot position control used a fuzzy
controller and force control used a proportional-derivative
control for advanced speed. The breakthrough perception
algorithm was designed using drill moment, advance velocity,
thrust force data, and changes in these data. They confirmed
their proposed technique by drilling pig bones (12). Kotev et
al. (13) Designed a hand-type medical drill called the Ortho-
paedic Bone Drilling Robot (ODRO) preventing bone break-
through. The designed drill can be operated in two modes
with or without presetting. In non-presetting mode, the drill
tip stops after passing through the bone marrow or tissue.
In preset mode, the drilling procedure continues until the de-
termined bone thickness; thereafter, the drill stops, and the
drill bit pulls back to leave the bone. With this system, fime,
linear velocity, drill speed, force resistance, breakthrough dis-
tance, and temperature data are visualized (13, 14). Lin Qi et
al. (I5) Proposed an algorithm to perceive bone breakthrough
during the bone drilling procedure. This algorithm is based
on the wavelet transformation of force data. The results of
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FIGURE . Explanation of the drilling procedure with 3.5-mm drill in
the artificial tibia bone

Drill moves from the proximal cortex (Ist cortical bone surface), to the
spongiosa bone, the medullar cavity, and the distal cortex (2nd cortical bone
surface)
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the transformation used a modulus maxima method to per-
ceive breakthrough. In the experiments, pig bones were
drilled with the algorithm; breakthrough was found and per-
ceived, and the system stopped. After the system stopped,
a very thin bone layer remained at the end of the drill route
(I5). Ying Hu et al. (16) suggested the performance of a ro-
botic spinal surgery system (RSSS) to aid pedicle screw in-
sertion during surgery. The developed RSSS balances the
effects of gravity and ensures better compliance to spinal
surgery requirements. They developed a real-time algorithm
using a force sensor for the breakthrough perception proce-
dure with medical drills. The algorithm used the mean value
of the force signal and the mean amplitude value as charac-
teristics. With the algorithm, they identified the initial cortex,
first cortex, spongiosa bone, and second cortex status. They
succeeded in breakthrough perception and stopped the pro-
cedure with a 2-mm error (16). Yu Wang et al. (17) Proposed
a system defining the drill situation with multiple sensor fu-
sion. They used the support vector machine classification
method for the definition procedure and used the force mean
value and derivative, advance speed, rotation speed, and ro-
bot arm angles and derivatives as properties. At the end of
the classification, they defined four different drilling stages
for cortical, cortical-spongiosa, tissue transition, spongiosa
tissue, and almost exit from the second cortex. They identi-
fied the most important drilling stage of almost exit from the
second cortex with 76.5% success (I7). Yunqing Li et al. (18)
suggested a method that perceived circulation in the tissues
and bone breakthrough for milling procedures in ear surgery.
They included flow and 2-axis force data during the milling
procedure in their method. They created a mathematical cor-
relation between the radial force and flow. They performed
a status perception procedure with the radial force and de-
termined limit values calculated with this equation. At the
end of the experiments, bone breakthrough perception was
provided with 93% success, and mistaken bone breakthrough
was predicted in 2% of the normal milling operations. When
cotton tissue was wrapped around the drill bit, an average
success rate of 92% was achieved, and in the normal milling
operations, 2% was mistakenly perceived with cotton tissue
wrapping (18).

Autonomy and robotic drilling:

Vishnu et al. (19) proposed a new control technique by set-
ting the power control based on the online prediction of en-
vironmental parameters for force control in unknown envi-
ronments with the available robot systems. The contact of a
robotic tip holder with an object was modeled with a mass
spring model. Using the environmental conditions of location
and force measurements, the elasticity (K) and friction coeffi-
cient (B) were estimated with an auto-regressive with exog-
enous input (ARX) model. Using these estimated parameters,
they used an artificial neural network (ANN) method to cal-
culate the proportional integral control (PO + 1) parameters
used to control impedance force. They showed the efficiency
and compatibility of the proposed controller in unknown and
variable environments with the interaction involved (19). José
Feio et al. (20) Designed a high-sensitivity controller for to-
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tal hip surface renewal for use in orthopedic surgery. For the
drilling procedure, they designed a controller that allowed
“partial control” of the robot movements by the surgeon.
They designed a system that ensured surgeon-robot coop-
eration with sufficient sensitivity. They provided a feeling of
impedance to aid surgery in the robot handler (20). Kotev et
al. (21) Developed their previously designed ODRO robot that
perceived breakthrough during bone drilling and aided the
surgeon using modifications. The new robot was lighter and
smaller than the previous one and had a linear movement
module. They reduced the drill developed for the previous ro-
bot ODRO (350 mm) to a smaller size (210 mm). They made
the study field (120 mm) longer than that in the previous robot
(105 mm) (21). Vijayabaskar Kasi et al. (22) Used two robots to
design a system to overcome misalignment. They designed
a system with a é-axis robot linked to the surgical drill and a
5-axis robot holding the bone. To ensure accurate alignment,
they used force control for alignment by setting the force in-
tervals determined by position control and applied forces.
They succeeded in returning the drill bit to the ideal align-
ment during every misalignment of the drilling access using
the robot holding the bone with this method (22). The great-
est disadvantage of the system is that a larger skin-opening
procedure is required for the robot to hold the bone. This sit-
uation lengthens the healing process and makes it difficult.
Haiyang Jin et al. (23) Developed a system to increase the
operation success and reliability of spinal surgery. To limit the
robot movements in the developed system, they used guid-
ed virtual fixtures (GVF) and forbidden region virtual fixtures
(FRVF). They used a damping region virtual fixture (DRVF)
to prevent the robot from passing the boundary regions and
harming the patient’s body during surgery. To perceive bone
breakthrough during the robotic drilling procedure, they used
the mean values for force data and the difference between
the mean value and previous value as attributes. At the end of
the experiments, the system stopped with maximum 0.86 mm
and minimum 0.55 mm remaining bone thickness (23). Zahari
et al. (24) used a robot in orthopedic surgery to drill patient
bones and proposed a system to automatically identify bone
breakthrough during bone drilling. This proposed system re-
duces noise in the force data with a low-pass filter. Before
the drilling procedure, force information was accepted as the
limit value, and bone breakthrough perception was based on
the limit value. They tested the system with sheep bones. To
improve the quality of the drilling procedure, they proposed
that the bone drilling procedure be managed by a robot (24).
Azeddien Kinsheel (25) presented the design steps and prac-
tice outcomes of a hybrid force/position controller (HPF) for
drilling procedures with a robot arm. HPF control used an
advanced linear position control in the position control cy-
cle and a multi-stage infinite impulse response (IIR) filter with
combined proportional derivative control (PD control). They
used a steady speed force control scheme to enable force
control. They tested the system performance experimental-
ly with a Kflop-based controller on a CRS robot arm. They
provided drilling procedure control as per the reference force
and speed. With the results on position error and force con-
trol, they concluded that the system could be used efficiently
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for critical robot drilling applications, such as robot-support-
ed orthopedic surgical procedures (25). Markus Hessinger et
al. (26) Developed a wearable seven-axis robotic system to
help the power and accuracy for the human body. The user
increased the accuracy of the target position and ensured
fixed thrust force during drilling. They used an inverse kine-
matic algorithm linked to the joint speed to minimize location
error. They perceived the user’s movement intentions with
moment sensors found in the system. They used a hybrid
force position control for fixed thrust force and position con-
trol during the drilling procedure. Experiments with the de-
veloped system found maximum .27 mm position error and
maximum | N force error (26). George et al. (27) Developed an
orthopedic robot for automatic drilling procedures based on
the previous ODRO. They proposed a new mechanical struc-
ture design with smallest possible robot size and weight for
surgery requirements. With the new design, the linear actu-
ator axis and rotation axis were parallel. They used a new
micro regulator, new linear movement driver, and new force
sensor for the control system. The developments provided
less signal noise, better signal processing, and 40% reduction
in robot weight (27).

Force parameter imaging and ideal drilling

JUEun Lee et al. (28) Presented a mechanical model to esti-
mate thrust forces and moments formed during bone drilling.
The model determined the material and friction properties
experimentally using a certain energy formulation; thereafter,
it analytically combined it with radially varying drill bit ge-
ometry and cutting conditions. They completed the confirma-
tion tests with different advance speed and drill speeds. They
proposed the use of the model for the selection of the appro-
priate drill conditions, to aid robotic surgery, and to design the
most appropriate orthopedic drill bits (28). Haiyang Jin et al.
(29) Combined a force sensor and optical monitoring system
to develop a system that can identify the drilling status during
bone drilling and check whether drill procedures occurred in
the correct position. They used mean amplitude, short-term
energy, gradient, and energy gradient properties of force
data to perceive the drilling status. They created boundar-
ies for the drilling status based on the properties defined be-
cause of the drilling experiments. The distance from the stop
position was determined by measuring the bone thickness
with previous bone imaging and then using an imaging and
optical monitoring system. They determined the drilling status
as a hybrid result of properties formed by forces and proper-
ties formed by optical imaging and determined the stop posi-
tion in relation to this status. They stated that the developed
system increased the reliability of the drilling procedure (29).
Mohd Hazny Aziz et al. (30) Designed a force control-based
algorithm that perceived bone breakthrough during drilling
operations in orthopedic surgery and stopped the drilling
process, bringing it to a safe location. Bone breakthrough
identification was identified based on variations in the force
data (30). For algorithms that identified breakthrough based
on the force data from a 3-axis force sensor with variation
in force above or below a certain threshold value, sensor
noise lowers the success of the algorithm. Wen-Yo Lee et al.
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(31) used drill motor moment and advanced speed to control
force in a drilling operation. Motor moments were calculated
as per the reference moment value, desired force reference
value, and drill radius. They developed an algorithm that
perceived breakthrough with thrust force, advance velocity,
and determined limit values. The proposed technique was
experimentally confirmed by drilling pig bones (31). Markus
et al. (32) Proposed a system that used optic monitoring and
force sensor fo support surgeons during orthopedic drilling
procedures. They designed and created an inexpensive sys-
tem that had a new force sensor with a 0-20-N measurement
interval. Af the end of the experiments, they stated that the
force data obtained from the force sensor was sufficient to
perceive the breakthrough (32). Singh AP et al. (33) Proposed
a system to prevent damage created during drilling in lami-
nated composites. Velocity and force data obtained by drill-
ing laminated composites at different velocities used Matlab
system identification to obtain a first-degree mathematical
model. Using this model, they performed force control with
PID. They created the PID parameters with Simulink using the
Ziegler-Nichols method. They proposed that the drilling pro-
cedure conftrolled with PID had better performance in terms
of preventing damage compared to the drilling procedures
at fixed velocity (33). Wei Tian et al. (34) Presented a surgi-
cal robot that can automatically perceive the drilling status
with force and image data for spinal surgery and can stop
potential cortical penetration. They created a hybrid prop-
erty using the mean value and the derivative of force data.
They determined the drilling status with these features. They
used a navigation and optical monitoring system to drill in
the correct location and to perceive breakthrough (34). Zhen
Deng et al. (35) Designed fuzzy logic force control for verte-
bral milling. The system calculated the control parameters in
real-time with fuzzy logic to set the force control parameters.
Moreover, in order to address security concerns, they pro-
posed a status identification method based on energy con-
sumption during the vertebral lamina milling procedure. They
developed a method that could identify three different mill-
ing stages and stop the milling procedure. They stated that
experiments with the identification method developed based
on energy consumption left a bone thickness of <2 mm at the
end of milling (35). Xi-sheng L et al. (36) Developed a modified
orthopedic drill with current, voltage, and force sensor fusion
for manual bone drilling operations. They estimated moment
with the current sensor and identified drilling status by train-
ing an ANN with voltage and force data. They determined
status as normal drilling, drill bit sliding, breaking through the
bone tissue wall, and wrapping with cotton-like structures.
The mean percentages were 72.625% for identification of nor-
mal drilling, 68.575% for drill bit slide, 70.5% for breakthrough
of bone tissue wall, and 81.3% for wrapping with a soft tissue.
They calculated that the duration after which the drill should
be stopped was 0.2-0.3 s with the developed system (36).

Environmental parameters and drilling different bone density

Koyo et al. (37) Developed a method to estimate the CT val-
ve using a quantitative assessment method for bone density.
They proposed a method to estimate the CT value by mod-
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eling the correlation between the cut-off value and the CT
value. They calculated the cut-off force, linear motor thrust
force, and motor moment. They completed the experiments
with a main robot that gave advanced commands and a
second dependent robot that completed the drilling proce-
dure. At the end of the experiments, the CT value estimation
error was *= 91 HU, and the estimation accuracy was 84%
(37). Fernando et al. (38) Performed experiments to analyze
the correlations among the rotational speed, applied force,
and bone age in bone drilling procedures. They performed
bone-drilling experiments with an orthopedic drill that they
had previously developed and a CNC machine. The results
of the experiments performed with fixed advance velocity in
the fixed bone at different rotational speeds revealed that
high rotational speeds required low applied force, while low
speeds required high applied force. They concluded that
with the same advance and rotational speeds, young bones
needed less force, while older bones required greater force
(38).

Correlation of radiologic imaging and drilling

Haiyang Jin et al. modeled thrust force in the drilling procedure
with an accurate 3D bone model created using micro-CT imag-
es. Considering resistance and flexibility of the bone tissue, they
theoretically modeled thrust force. Theoretical model param-
eters were defined with the least squares method. They used
peak force in the first and second cortexes, mean force for the
spongy layer, and the thickness of each layer to support iden-
tification of drilling status. They designed a system that could
identify bone breakthrough and could stop the system using the
determined parameters (39).

Temperature control

Kais I. Abdul-lateef Al-Abdullah et al. (40) Proposed that
there was lack of information about bone milling for spongy
tissue in the available literature. Using an ANN and based
on real experimental measurement data for bone milling in
artificial tissues with spongy features, they determined the
appropriate force and temperature models. They modeled
the force and temperature that formed as a result of advance
velocity and drill speed with the model. They found that
the correlation coefficient was 0996 in the model between
force with thrust speed and drill speed. They proposed that
increasing the advance speed increased the applied force,
while increasing the applied force raised the temperature,
because of experiments and models. They stated that the
models could be useful for optimization and control of re-
al-time bone milling (40).

CONCLUSION

Research in bone drilling procedures with orthopedic surgical
drills is progressing every day. This helps reduce drilling com-
plications and increases the use of robotic and autonomic
drilling processes. All these processes indicate that more re-
liable orthopedic surgical procedures will be available in the
future. A systematic review of the current studies for bone
drilling was performed and potential research subjects were
proposed for possible future studies. Sensorless approach-
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es that involve signal processing of only the existing signals
in conventional drills for breakthrough detection are poten-
tial new research areas. Research can be used to integrate
breakthrough detection capability and prevent thermal ne-
crosis. Optimal drilling parameters applicable while drilling
different bone densities can be extracted with the available
signals, such as motor current, drilling sound, and vibration.
We believe that our study will be a useful resource for future
researchers.
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