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Abstract

Project Code : MRG5980212

Project Title : Development of a Breakthrough Detection Scheme for Precise

Bone Surgery

Investigator : Pinyo Puangmali, Chiang Mai University
E-mail Address : pinyo@dome.eng.cmu.ac.th
Project Period : 2" May 2016 — 1% May 2019

In bone surgery, drilling of bone without causing severe damage to tissue is a
critical procedure. Particularly for skull, spine, and special kinds of orthopedic surgeries,
the process of bone drilling requires high accuracy and precision since excessive drill
protrusion can cause damage to nerves, blood vessels, and nearby organs. To enhance
safety of driling, a new breakthrough detection technique that does not require the
installation of a sensor for force or torque measurement as usually done in other research
is proposed. This technique relies only on the measurement of current flowing through the
motor of an electric drill to monitor drilling progress. By measuring the amount of current
while executing stepwise drilling and applying a hysteresis thresholding algorithm, the
breakthrough event can be effectively identified in real-time. Experimental tests of a drill
prototype utilizing this scheme showed that breakthrough could be consistently detected.
This prevents over drilling, enabling reliable drilling operation which can minimize tissue
damage. However, the main limitation of this scheme is that tuning of detection
parameters for specific bone types and drilling conditions such as using different drill bit
sizes and shapes is required. Further investigations on these issues including the effects
of spindle speed, stiffness of the drill stand, and stiffness of the drilled object itself are

also required for improving threshold setting.

Keywords : Bone drilling; Breakthrough detection; Breakout detection; Penetration

detection; Penetration control.



Executive Summary

1. Introduction

Surgery is commonly used to treat disease and abnormalities of bones such as bone
tumors, malignant bones, impaired bone joints, and disorders of tissues adjacent to the
bones. The most common case is as treatment for repairing broken bones. To cure the
fracture of bones, the surgeon usually performs drilling and scaffolding. However, because
bones are quite rigid and difficult to cut and drill, performing such surgical procedures
requires delicate skills and special tools.

In general cases of surgery, tools for drilling bones are handheld devices that are
designed to operate with compressed air or electricity. Such traditional tools are portable,
convenient to use, and efficient, but one of their drawbacks is that they do not have built-
in safety mechanisms to ensure safe usage. The safety of drilling relies only on the
perception of the surgeon. Thus, how well the surgeon can apply the tools greatly
depends on his/her experience and expertise. In many critical drilling operations such as
skull and spine drilling, even a small mistake can cause serious damage to blood vessels,
nerves, and nearby organs. In extreme cases, this may result in paralysis or death. The
surgeon must therefore be extremely careful when applying a drilling tool close to
sensitive organs.

At present, advances in electronic and computer technology enable the development
of high performance drilling equipment for bone surgery. To enhance safety, many drilling
devices equipped with sensing instruments have been developed. Several bone-
breakthrough detection schemes have also been proposed. However, the accuracy and
precision of breakthrough detection still requires further improvement, especially for critical

surgical operations.

2. Objectives

® To find an effective means for bone breakthrough detection in bone drilling
operation.
® To develop a breakthrough detection system that can perform bone breakthrough

detection with high reliability.



® To develop a bone drilling tool that can be used to carry out precise surgical

procedures.

3. Methodology

Breakthrough detection can be performed based on the measurement of physical
quantities that change during the operation of drilling. One of the useful quantities is the
electrical current flowing to the motor driving the drill spindle. Based on a former study of
electrical drill characteristics, it was found that an increment of drilling torque load while
drilling causes the motor to consume more current. However, when the breakthrough is
occurring, the torque load declines, causing the current to reduce simultaneously. In
principle, this phenomenon allows breakthrough to be detected based on the monitoring
only of the motor current. A simple indicator for identifying the breakthrough involves a
threshold value which can be determined slightly higher than the amount of current at no
load. When the current flowing to the motor diminishes to such a value (usually during the
occurrence of the breakthrough), the breakthrough is detected.

Breakthrough detection based on current measurement is considered an effective
approach since, in typical set-ups, the current responds to torque load change very
quickly. The measurement of current is also simple since it can be carried out without
need of modifying the structure of the drill to install a sensor. Instead, it can be realized
by connecting the drill with a current sensing circuit. However, a major concern on
measuring current is that the current measurement signal usually noisy due to
commutation noise and electrical interference in the power lines of motor system. Using
current measurement signal to perform breakthrough detection therefore requires special
techniques to treat the signal before it can be used as an indicator for detecting a
breakthrough.

This research focused on finding an effective way to apply current measurement to
perform breakthrough detection. To carry out research, 4 main consecutive tasks were
planned

1) Study of drilling mechanics: A part of research work involved in the analysis of

dynamics of drilling. A mathematical model of an electric drill was derived and
analyzed for this purpose. This work led to the understanding on the effects of

drilling parameters and torque-current relationship.



2) Developing a new breakthrough detection technique: Based on the study of drilling
mechanics, torque-current relationship and the limitations on performing current
measurement were analyzed. Appropriate hardware and software were then
designed for facilitating drilling and performing breakthrough detection.

3) Developing a drill prototype: A prototype that can perform accurate drilling was
designed, built, and tested. Mechanical hardware was mainly designed for
facilitating drilling operation while electrical hardware and associated software
embedded with breakthrough detection algorithm were mainly designed for
breakthrough detection. All these were integrated to form a system of the drill
prototype.

4) Testing the prototype: The drill prototype and its associated components was used
to test the breakthrough detection capability. The performance of the drilling
system was quantitatively assessed, especially on the aspect of the repeatability
of detecting the breakthrough. The results of the tests were then analyzed for

further improvement.

4. Research Results

In this research, it was found that effective breakthrough detection in bone drilling
processes can be achieved based on the combination of three key techniques: 1)
measurement of current flowing though the motor of the electric drill using a sense
resistor with a specially designed optoelectronic circuit, 2 ) stepwise drilling action
controlled by a microcontroller, and 3) hysteresis thresholding for breakthrough detection
with noise immunity. The measurement of current can be performed effectively by
applying a sense resistor with specially designed signal conditioning circuit, which is
composed of an isolation amplifier, a unity-gain differential amplifier with input filter
components, and an instrumentation amplifier. With the stepwise drilling action, there is a
peak in the current measurement signal at each step of drilling. By monitoring the peak,
the breakthrough can be identified since, when the breakthrough begins to occur, the
peaks at successive drilling steps decline. If the peak declines below threshold values
according to the hysteresis thresholding principle, the breakthrough is detected. The
drilling operation can then be immediately terminated before excessive drill protrusion

OcCcurs.



5. Outputs

New knowledge and technique for detecting bone breakthrough which can be applied for
designing a high-performance smart surgical device for bone surgery. A newly developed
drill prototype which was used to conduct experiments in the laboratory demonstrated the

applicability of the proposed breakthrough detection technique.

6. Outcome
Puangmali, P., Jetdumronglerd, S., Wongratanaphisan, T. and Cole, M.O., "Sensorless
stepwise breakthrough detection technique for safe surgical drilling of bone." Mechatronics

65 (2020): 102306. (Q1, Impact Factor 2.992)
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Chapter 1

Introduction

In bone surgery, drilling of bone without causing severe damage to tissue is a
critical procedure. The process of bone drilling requires high accuracy and precision
since excessive drill protrusion can cause damage to nerves, blood vessels, and nearby
organs. This chapter presents the overview and objectives of research that contributes to

the development of a new scheme for safe surgical bone drilling.
1.1 Overview

Surgery is commonly used to treat disease and abnormalities of bones such as
bone tumors, malignant bones, impaired bone joints, and disorders of tissues adjacent to
the bones. The most common case is as treatment for repairing broken bones. To cure
the fracture of bones, the surgeon usually performs drilling and scaffolding. However,
because bones are quite rigid and difficult to cut and drill, performing such surgical

procedures requires delicate skills and special tools.

In general cases of surgery, tools for drilling bones are handheld devices that are
designed to operate with compressed air or electricity. Such traditional tools are
portable, convenient to use, and efficient, but one of their drawbacks is that they do not
have built-in safety mechanisms to ensure safe usage. The safety of drilling relies only
on the perception of the surgeon. Thus, how well the surgeon can apply the tools greatly
depends on his/her experience and expertise. In many critical drilling operations such as
skull and spine drilling (similar to what are shown in Fig. 1.1(a) and (b)), even a small
mistake can cause serious damage to blood vessels, nerves, and nearby organs. In
extreme cases, this may result in paralysis or death. The surgeon must therefore be

extremely careful when applying a drilling tool close to sensitive organs.
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(a) (b)
Fig. 1.1 Demonstrations of drilling operations using a handheld drill to drill a hole on
(a) a skull and (b) a spine.

At present, advances in electronic and computer technology enable the
development of high performance drilling equipment for bone surgery. To enhance
safety, many drilling devices equipped with sensing instruments have been developed
[1-7]. Several bone-breakthrough detection schemes have also been proposed over the
last few decades [1-5, 7-17]. The early work of Brett and Baker on automatic
breakthrough detection for precise ear surgery was carried out with an automatic low-
speed microdrill using a spherical burr [1, 2]. The major objective of this work was to
automatically estimate the onset of breakthrough during stapedotomy so that the drill
protrusion could be accurately controlled. The measurement of feed force and reaction
torque were key to identifying the breakthrough. Although the drilling was prone to the
deflection of the stapes bone under tool feed action, minimum protrusion could be
achieved with the deployment of reference models used to predict the breakthrough.
Later, this technique was applied with an autonomous robotic system for cochleostomy
(drilling through the flexible bone tissue of the cochlear for cochlear implantation) [5].
Having the capability to identify the breakthrough from real-time sensory data of the
thrust force and the drilling torque, the system could control the surgical drill tip to the
required level of protrusion. Since force information is important for breakthrough

detection, Ong and Bouazza-Marouf introduced a modified Kalman filter to their

13



breakthrough detection equipment to enhance force signal processing [8]. This led to the
generation of the Kalman filtered force difference between successive samples (K-
FDSS) profile which enabled consistent breakthrough detection to be executed even
though the drilling system with a twist drill bit was prone to the effect of inherent
drilling force fluctuation.

In the field of orthopedic surgery, Allotta et al. reported the development of an
auto-detection technique and a scheme for drill-bit penetration control [3]. In their
research, the information on the drilling thrust force was used to identify states of bone
drilling (with a twist drill bit). Fuzzy reasoning was adopted for controlling the feed rate
of the drill such that safe orthopedic drilling operation could be performed with a
specially designed hand-held tool having a force sensing unit. Subsequent work of Colla
and Allotta further advanced the breakthrough detection technology by introducing
wavelet analysis for signal processing [10]. Successful tests of a wavelet-based
penetration control scheme demonstrated its potential applicability in preventing over
travel of the drill bit during orthopedic surgery.

In order to enhance the reliability of the bone breakthrough detection, Lee and
Shih proposed that feed force control should be implemented for regulating drilling
torque at all times of drilling [4]. Not only thrust force information, but also drilling
torque and feed rate was used together for judging the breakthrough. Using a 3-axis
robotic bone drilling system, which consisted of a combined inner loop fuzzy controller
for position control and outer loop PD controller for the feed unit force control, the state
of penetration before the drill bit (twist drill bit) penetrated out of the bone could be
identified with the threshold information of the thrust force, the trend of the drilling
torque, and the feed rate of the drill.

Rather than relying on the thrust force and drilling torque information like in
many other earlier proposed schemes, Osa et al. proposed an autonomous penetration
detection scheme for cutting and drilling bones with hand-held tools [11, 12]. Since an
electric drill was utilized, it was possible to use the current flowing to the motor of the
drill and the rotational speed of the tool to recognize the penetration with a support
vector machine (SVM) algorithm. Test results of this scheme with spherical burr
demonstrated that, not only thrust force and drilling torque, but also current and drill

speed can be important indicators for recognizing states of bone penetration.
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For most of the previously proposed drilling systems, real-time feed-force
information is required for breakthrough detection. Thus, the installation of a force
sensing instrument in the drilling system is essential [1], [3], [4], [8-10], [13-17]. In our
research, the study of drilling mechanics leads to the proposition of an alternative
scheme developed for bone drilling procedures that use a twist drill bit (the most widely
used drilling tool in orthopedic surgery). This new scheme requires neither the
installation of a force sensor nor the measurement of feed force. The novelty of the
scheme is based on the integration of three key elements: current sensing, stepwise
drilling, and hysteresis thresholding. A prototype of a drilling tool equipped with
electronics for current sensing and signal conditioning has been shown to perform
successful drilling while achieving effective breakthrough detection without force

measurement.

1.2 Research Objectives
Since the capability of detecting breakthrough precisely is an important key to
safe surgical drilling of bone, this project was created for contributing the development

of a new breakthrough detection scheme. The objectives of the project were:

e To find an effective means for bone breakthrough detection in bone drilling

operation.

e To develop a breakthrough detection system that can perform bone

breakthrough detection with high reliability.

e To develop a bone drilling tool that can be used to carry out precise surgical

procedures.

In this chapter, the overview of breakthrough detection techniques and
objectives of research that contributes to the development of a new scheme for safe
surgical bone drilling is presented. Such a new scheme was developed based on the
analysis of drilling operation. More details on the analysis of drilling characteristics will
be described in the next chapter.
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Chapter 2
Breakthrough Detection Technique

There are various techniques that have been tested and verified for practical
bone drilling procedures. Current measurement technique is considered one of the key
techniques that can be applied for breakthrough detection. This chapter provide details

of this technique and the analysis of its applicability in surgical drilling.
2.1 Current Measurement for Breakthrough Detection

According to the physical operation of an electric drill, an increment of drilling
torque load while drilling causes the motor driving the drill spindle to consume more
current. However, when the breakthrough is occurring, the torque load declines, causing
the current to reduce simultaneously. In principle, this phenomenon allows
breakthrough to be detected based on the monitoring only of the motor current. A
simple indicator for identifying the breakthrough involves a threshold value which can
be determined slightly higher than the amount of current at no load. When the current
flowing to the motor diminishes to such a value (usually during the occurrence of the
breakthrough), the breakthrough is detected.

Breakthrough detection based on current measurement is considered an effective
approach since, in typical set-ups, the current responds to torque load change very
quickly. The measurement of current is also simple since it can be carried out without
need of modifying the structure of the drill to install a sensor. Instead, it can be realized

by connecting the drill with a current sensing circuit.

2.2 Analysis of Breakthrough Detection Scheme

To analyze the motor current behavior, a model of a direct current (DC) motor
driving the drill chuck with direct transmission of power (without gearing) is
considered, as shown in Fig. 2.1. This model can be expressed mathematically as the
following governing equations [18]:
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L L (2.2)
22)

where ia represents current flowing through the armature winding of the motor, Ra, La,
and Va are resistance, inductance, and voltage of the armature winding, kv is back
electromotive force (emf) constant, @ is rotational speed of the drill, k: is torque
constant of the motor, J is effective moment of inertia of the rotating parts, bm is viscous
friction coefficient of the motor, and Ty is torque load caused by drilling. Equations

(2.1) and (2.2) may be expressed in the Laplace domain as

1,(6) = ((9) -k Q) (2:3)

a

Q(s) = ﬁ(kt 1,(5) T, () (2.4)

where 1a(S), Va(s), €2(s), and Ti(s) represent the Laplace transforms of ia, Va, @, and Tp
respectively. By substituting (2.4) into (2.3) and rearranging, an expression for Ia(s) can
be determined as
: Js+hb, V.(s)
L, Js*+(Lb, +R,J)s+(Rb, +kk,) (2.5)
k

+ 2 . TL(S)'
L, Js* +(L,b, +R,J)s+(Rb, +k k)

Iﬁ(S):

Equation (2.5) indicates that current change occurs in relation to the voltage of the

armature winding Va(s) and torque load T.(s). If voltage Va is regulated to a constant

17



value by the voltage-source power supply, changes of current will depend only on the
torque load. When the drill experiences no load, the current is usually steady at a
constant value (no-load current value). Afterward, when the drill bit progresses into the
bone, the torque load acts at the tip of the drill causing the current to increase. Finally,
when the drill is breaking through the bone, torque load will significantly diminish,
causing the current to drop. Significant reduction of current therefore indicates the

occurrence of the breakthrough.

2.3 Realization of Current Sensing
In practice, the level of current flowing through the motor may be determined by
the use of a sense resistor. Figure 2.2 shows a sense resistor connected in series with the
motor. The voltage across this sense resistor is the sensing signal which is processed by
a signal conditioning circuit comprising an isolation amplifier, a differential amplifier,
and an instrumentation amplifier. The isolation amplifier associated with input filter
components is used to perform initial filtering for suppressing high-frequency noise
while providing electrical isolation between the power line and other parts of the signal
conditioning circuit. The output of the isolation amplifier is processed by a unity-gain
differential amplifier associated with capacitors for further noise filtering. These
filtering components are included for suppressing commutation ripple before the signal
is offset and amplified to the required level by an instrumentation amplifier. Figure 2.3
shows the schematic of the circuit. In the Laplace domain, the voltage across the sense
resistor Vsr(s) is an analog signal whose magnitude varies with the amount of current
flowing through the motor according to
V, (s) =R, 1,(5). (2.6)

+V,
Motor @
Isolation Differential
Amplifier Amplifier o
Sense Instrumelqtation
Resistor Amplifier
—

Voltage-Reference
Generator

Fig. 2.2 Main components of current sensing and signal conditioning circuit.
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+V, C,
11
1
Isolation Amplifier
Motor Rz
R — T —1+—¢
! R Instrumentation Amplifier
2 v _____
+[~a |
Sense C N +> +
Resistor 1T - - - N V
(Rs) ) —_
R
_I_ — 2 R, R )
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Il R; +5v
—— 1+—O

TLP431

Fig. 2.3 Current sensing and signal conditioning circuit.

The analog signal Vs(s) is filtered, amplified, and offset by the signal conditioning

circuit to obtain the voltage output V, which is given by
Vo (8) = ka[kiVy; (8) =Vier (S)]- (2.7)
In this equation, ki and k2 are gains of the isolation amplifier and the instrumentation
amplifier respectively. Vret(S) is the constant reference voltage obtained from a precision
voltage reference generator. The voltage from this device is used to adjust the offset of
Vsr(s) after high frequency noise is filtered out. Substituting Vsr(s) in (2.7), we obtain
V,(5) =Ky [K Ry 1,(8) ~Viy ]
=k,k R, 1,(s)—k\V

sra ref

— kzkler‘:ls + kzklerbm vV (S) (28)
LJs* +(Lb, +R,J)s+(R,b, +k k) °
kv k2 kl Rsr TL (S) _ kzvref .

T LIS+ (Lb, +R,3)s+ (R, +kk)
It should be noted that, transient effects from electronic components (including filters
and amplifiers) are neglected here since their responses are much faster than that of the
motor. In (2.8), if Vre(S) is set such that the magnitudes of the first and the last terms

become close to each other in steady state, the voltage output Vo(s) can be simply
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determined as

KKk R,
L,Js® +(Lb, + R,J)s+(R,b, +k k)

V,(s) ~ T,(9). (2.9)
For typical small-sized low-inertia DC motors, the transfer function obtained from (2.9)
behaves as a low-pass filter having high bandwidth due to the existence of fast system
poles. This property gives good characteristics for measuring transient features of the
torque load profile. The variation in voltage output V, for a typical drilling torque load,
produced when the drill bit penetrates into an object in short quick steps until the
breakthrough is reached, is shown in Fig. 2.4. It can be seen that the voltage output
responds to the changing torque load very quickly to produce a clear peak each time the
drill is advanced. This behavior can be exploited for accurate detection of the

breakthrough.

y
o

—k -
ki
e

v
3@?
|

Il Il 1 1 1
i 20 a0 60 B0 00 20 40
Time (s)

Fig. 2.4 Typical voltage output V, recorded while drilling a flat plate with a twist drill
bit: 1) no contact between the drill bit and the object, 2) the peak of the first drilling step
arising when the tip of the drill bit begins to drill into the object, 3) half of the conical
tip of the drill bit penetrating into the object, 4) conical tip of the drill bit completely
penetrating into the object and 5) thin layer of material bent out at the bottom of the
hole, 6) the tip of the drill bit breaking out of the object (complete breakthrough), and 7)
conical tip of the drill bit completely penetrating out of the object.

2.4 Breakthrough Detection Algorithm

To identify breakthrough, the magnitude of the voltage output V, is sampled and
the breakthrough detection algorithm applied. This algorithm is designed to detect the
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breakthrough when executing stepwise drilling. This drilling procedure involves a
controlled motion of the drill such that a sub-millimeter increase in drilling depth occurs
for each step. Several successive drilling steps are carried out until the breakthrough
occurs. Because the drill movement is stepwise, drilling torque load is approximately
periodic (see the plot in Fig. 2.4). While executing each drilling step, there is a sharp
peak in the torque load. Each peak also produces a peak in the voltage output signal.
Several steps of drilling are executed until the tip of the drill is about to break out of the
object being drilled. The magnitude of the peak then declines. By applying an algorithm
based on the measurement of the peaks, the breakthrough can therefore be detected
when the magnitude of the peak diminishes to zero.

In practice, contamination of noise in the sampled signal occurs. An averaging
technique for noise reduction is therefore applied during the process of breakthrough
identification. As shown in Fig. 2.5, n initial values of V, are recorded prior to feeding
the drill toward the object. The average of these initial values represents the minimal

value of Vo, denoted as v, . After recording these values, the drill is fed toward the

object with a small increase in drilling depth over a short period of time (tred). In the
initial drilling phase, if the tip of the drill bit does not contact with the object, the torque
load remains zero. Short stepwise feeds are repeated (as long as the drill does not move
beyond a predefined allowable safety range) until the tip of the drill bit comes into
contact with the object. The time period for each repetition of a stepwise feed (trepeat) IS
set sufficiently long to complete a small drilling step (trepeat >> treed) that is required to
cut and remove material out of the drilled hole. When the lips (cutting edges at the tip)
of the drill bit begin cutting into the object, the torque load rapidly increases causing Vo
to increase to a peak value and then decline (see the plot in Fig. 2.4). For the advantage
of noise immunity, an average is also calculated to estimate the peak of the signal based
on the m highest sampled values of V, recorded during advancement of the drill. This

average is denoted as v, . The value of v is compared to the averaged initial value, v, .

If the difference between these two values is higher than the primary threshold value

(v, -V, > Vi), the drill is recognized to be in the main drilling phase (see Fig. 2.6).

Based on experimental verifications, a practical value of the primary threshold Vi1 can

be determined as the voltage difference v, —v, when half of the conical tip of the drill

bit penetrates into the object. When the penetration is deeper than half of the conical tip
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of the drill bit, it is considered to be in the main drilling phase. Stepwise drilling motion

then continues while the algorithm keeps monitoring the voltage difference v —v . The
voltage difference v —v_ usually remains higher than Vi until the breakthrough starts
to occur. In the breakthrough phase, the voltage difference v, —v, reduces successively.
If the difference between v, and v, drops to zero, the complete breakthrough is reached.

However, another threshold—the secondary threshold (Vin2)—is set to recognize the

early state of the breakthrough. If the voltage difference v —v_becomes less than this
secondary threshold value (v, —v, < Vin2), the breakthrough state is detected, as shown in

Fig. 2.6.

l Start I

<
<«

Record n initial values of V0 and calculate the average —>V0
v

Move the drill 1 step toward the bone while recording m highest
sampled values of Vo and calculate the average — vV
0

False The drill is within

safety range

Initial Drilling Phase

Record n initial values of V; and calculate the average -V,

v

Move the drill 1 step toward the bone while recording m highest
sampled values of Vo and calculate the average — V
0

The drill is within
safety range

Y
Main Drilling & Breakthrough Phases

Fig. 2.5 Breakthrough detection algorithm.
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Fig. 2.6 Typical plot of the difference between v, and v, (denoted as V, -V, ) with
indication of drilling states (see also Fig. 2.4). The breakthrough is detected when

V. -V, becomes lower than the secondary threshold Vinz (marked as “B”).

To negate the measurement uncertainty that may lead to fault breakthrough
detection in practice, Vin2 should be set slightly higher than the upper deviation of the

voltage differences v, —v. when the drill has no drilling load. Higher value of Vin, may

be set for early detection of the breakthrough, allowing a safety margin to prevent over
drilling in critical surgical procedures. It should be noted that, according to the
hysteresis thresholding principle, Vin2 and Vi1 form the lower and upper thresholds for
breakthrough state recognition with uncertainty immunity. Since the voltage differences

v, -V, can fluctuate due to electrical noise, mechanical vibration, and inhomogeneity of

bone, having large difference band between Vin: and Vinz by keeping Vin2 low is essential
for maintaining high reliability of breakthrough detection. In practice, the achievable

difference band is dependent on the properties of the drilled material.

In this chapter, the current measurement principle for breakthrough detection
and the analysis of breakthrough detection scheme are presented. A realization
technique of effective current sensing using a specially designed electronic circuit is
subsequently described. Such an electronic circuit is an important part of the

breakthrough detection system which operates based on breakthrough detection
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algorithm. In the next chapter, the integration of electronic devices with other hardware
of a drill prototype will further be described. Details of the experimental verification of

the drill prototype will also be provided.
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Chapter 3

Experimental Verifications

To verify the effectiveness of the breakthrough detection scheme, experimental
tests were conducted with a drill prototype that operates based on breakthrough
detection algorithm. This chapter describes the drill prototype and results of drilling

experiments.

3.1 Drill Prototype

The breakthrough detection scheme was tested using a drill prototype which is
composed of an electric drill with a twist drill bit, associated electronics, and a drill
stand. Figure 3.1 depicts this prototype with a piece of bone specimen clamped in place
by a bench vice. The architecture of the control system associated with this prototype is
shown in Fig. 3.2. The main component of the drill is a permanent magnet DC motor
which is coupled directly with the drill chuck without speed control. It is installed on a
1-mm-pitch ball-screw linear actuator driven by a DC servo motor (Faulhaber
Schonaich 3557K024CS). To perform precise control of the drill feed motion, a
proportional-integral-derivative (PID) control algorithm is implemented in a 32-bit
microcontroller (STM32F407VG) combined with an H-bridge motor driver circuit. This
motion control algorithm was tuned to provide an overdamped response with rise time
of 24 ms. Operating at a sampling frequency of 1 kHz, the microcontroller uses its
internal 12-bit analog-to-digital converter for sampling the analog signal from the
breakthrough detection circuit such that, as soon as the occurrence of the breakthrough

is detected, it can control the drill bit to move out of the drilled hole.
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Fig. 3.1 Drill prototype and a piece of bone specimen.

Voltage Output Current Flowing
Signal V, Through the Drill Bench Vice

Dr|II

Current Sensing and Signal |
Conditioning Circuit -

Control Servo Motor
Signal Current ! ‘\ Bone
Microcontroller |—>| Motor Driver Circuit

Servo Motor Linear Actuator

Fig. 3.2 Architecture of the control system.

3.2 Drilling Experiments

Two drilling experiments were conducted with the drill prototype to verify the
breakthrough detection and control algorithms. The first experiment was conducted with
acrylic plates. The other experiment was conducted with porcine bones. To carry out
these experiments, a 3.2-mm twist drill bit was used. The drill was controlled to move
step-by-step with a step size of 0.1 mm and time period of 3 s while the drill chuck
rotated at a speed of 7950 rpm (no-load speed). Note that step size is one of the key
parameters for successful breakthrough detection since it affects both detectability and
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precision of the breakthrough detection scheme. Small step size is mostly desirable
since it increases the positional precision. However, if the step size is too small, the
detectability of breakthrough detection and immunity to uncertainty will be poor due to
reduced current peaks. On the contrary, if step size is big, the detectability is high but
the precision is low due to reduced motion control resolution. Depending on the
application, different step sizes may be set based on target criterion for the tradeoff
between detectability and precision. Equipment associated with these two experiments
is as shown in Fig. 3.1. Details and results of each experiment are described as follows:
1) Drilling acrylic plates. Three pieces of 3-mm-thickness transparent acrylic
plates were used as specimens. The first two pieces were used for breakthrough
detection tests. Each specimen was clamped on a bench vice while drilling was
controlled according to the breakthrough detection algorithm shown in Fig. 2.5. The
third piece of specimen was used for drilling holes through without breakthrough

detection. In breakthrough detection tests, the values of v and v, were individually

calculated from 5 sampled values (n = m = 5). The primary threshold Vi1 was set to 0.6

volts (Vi1 = 0.6) which is approximately equal to the voltage difference v, —v_ observed

when half of the conical tip of the drill bit penetrated into the acrylic plates. The
secondary threshold Vi was set to 0.2 volts (Vin2 = 0.2) enabling early detection of the
breakthrough to be carried out. Note that the value of this secondary threshold is higher

than the upper deviation of the voltage differences v —v, when the drill has no drilling

load as described in Section 2.4. When the breakthrough occurred, the drill bit was
removed from the drilled hole immediately. Only a small residual layer of acrylic
remained at the bottom of the hole. The drilling operation was repeated for ten drilled
holes (five holes on each acrylic plate). The holes drilled with the breakthrough
detection scheme compared with holes drilled without the breakthrough scheme are
shown in Fig. 3.3. Table 3.1 shows the thicknesses of the residual layer of acrylic
obtained from each time of drilling. The average is approximately 0.19 mm. This result
shows that slightly early detection before the occurrence of complete breakthrough is

precisely carried out with the thresholds specified based on the described criterion.
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Fig. 3.3 Comparison of drilled holes on acrylic plates. Left: the holes drilled with
breakthrough detection algorithm (residual thin layer of acrylic at the bottom of the
holes still remains as seen in white). Middle: bottom of the holes drilled with
breakthrough detection algorithm (residual thin layer of acrylic at the bottom of the
holes clearly seen in white). Right: the holes drilled without breakthrough detection
algorithm (no residual layer of acrylic remains since the acrylic plate was drilled
through).

Table 3.1 Thicknesses of the residual layers of acrylic remaining at the bottom of the

drilled holes.
Hole No. Th(i;l:;\;a s Hole No. Th(i:;:;r:; s

1 0.17 6 0.21

2 0.17 7 0.22

3 0.18 8 0.22

4 0.19 9 0.22

5 0.19 10 0.17
Average 0.19
Standard Deviation 0.02

In Fig. 3.4, a typical voltage output V, and voltage difference v v recorded

throughout the operation of drilling is shown. As can be seen, after several steps of
drilling, the peak voltage value of each drilling step declined. Drilling was terminated
when the voltage difference v —v, dropped below the secondary threshold Vinz. Thirty-
five drilling steps, equivalent to the travel distance of approximately 3.5 mm, was
executed before the breakthrough was detected. This exceeds the thickness of the
acrylic plate (3.0 mm) because the residual layer of acrylic was bent out at the bottom of

the hole before complete breakthrough occurred (see Figs. 2.4 and 2.6). Fig. 3.5
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illustrates overlaying plots of all ten drilling operations showing the consistency of the
voltage signals and breakthrough detection zone in which the voltage differences v, v,
become lower than Vin. It is clear that, after 33-35 drilling steps, the breakthrough was
detected in this zone. The deviation of breakthrough detection is therefore less than 3

drilling steps or, in other word, within 0.3 mm (step size = 0.1 mm).

Time (s)

Initial Drilling Main Drilling Breakthrough
Phase L Phase [ Phase |

[ T T |

Fig. 3.4 Typical voltage output V, recorded during drilling a hole on an acrylic plate
(top) and the associated plot of vV, -V, (bottom). A: the peak of the first drilling step
and B: the peak of the last drilling step that the breakthrough is detected.

a w?‘?ﬁﬁ%ﬁjﬁmﬁﬁﬁﬁﬁm@ ********* |

100 140

Time (s)
Breakthrough
Detection Zone

Fig. 3.5 Overlaying plots of all ten drilling operations and breakthrough detection
zone which the voltage differences v, —v, become lower than Vinz.

29



2) Drilling porcine bones. Four pieces of femur bones were used as specimens
in the second experiment. Every specimen has two distinct bone layers: cortical bone
layer (the outer hard layer) and cancellous bone layer (the inner soft porous layer).
While performing drilling, each bone was clamped in place. The same settings for all
parameters including the spindle speed were applied in this case as in the previous
experiment. In this experiment, the objective was to detect the breakthrough when the
drill bit started to penetrate out of the cortical bone to the inner porous layer of the
cancellous bone. After several steps of drilling, the breakthrough was successfully
detected. Figure 3.6 shows a typical drilled hole and the bone cross-section. As can be
seen from the figure, drilling stopped at the boundary of the cortical and cancellous
bone layers. Very little damage to the cancellous bone was caused. The records of

voltage output Vo and the voltage difference v, v, associated with this experiment are

shown in Fig. 3.7. Compared to the case of drilling acrylic plates, the response of the
measurement signal in this case has a more irregular pattern. This was mainly due to the
inhomogeneous structure of the bone material. In Fig. 3.8, the cross-sections of drilled
holes on four different pieces of bones are shown. It is clear that only little damage was
caused to the cancellous bones because the conical tip of the drill bit travelled only
slightly beyond the boundary of the cortical and cancellous bones and was stopped
before complete cuts of the cortical bones by the cutting edges at the tip of the drill bit

were made.

Fig. 3.6 Drilling hole on the femur bone (left) and the cross-section of the hole on the
bone (right).
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Fig. 3.7 Typical voltage output V, recorded during drilling a hole on a femur bone

(top) and the associated plot of v —v_ (bottom). A: the peak of the first drilling

step and B: the peak of the last drilling step that the breakthrough is detected.

Fig. 3.8 Cross-sections of drilling holes on four different pieces of femur bones.

This chapter describes details of the drill prototype used to conduct
experimental verification of the breakthrough detection scheme. Results of drilling
experiments are the evidences of successful breakthrough detection while performing
bone drilling operation. Although these results clearly show the possibility of
performing breakthrough detection, there are some limitations that requires further

research as will be discussed in the next chapter.
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Chapter 4

Conclusion

In this research, the combination of three key techniques is proposed for
breakthrough detection in bone drilling procedures: 1) measurement of current flowing
though the motor of the electric drill using a sense resistor, 2) stepwise drilling action
controlled by a microcontroller, and 3) hysteresis thresholding for breakthrough
detection with uncertainty immunity. The measurement of current can be performed
effectively by applying a sense resistor with specially designed signal conditioning
circuit, which is composed of an isolation amplifier, a unity-gain differential amplifier
with input filter components, and an instrumentation amplifier. With the stepwise
drilling action, there is a peak in the measurement signal at each step of drilling. By
monitoring the peak, the breakthrough can be identified since, when the breakthrough
begins to occur, the peaks at successive drilling steps decline. If the peak declines below
threshold values according to the hysteresis thresholding principle, the drilling process
is terminated and the drill bit removed from the drilled hole. This drilling procedure
allows safe drilling to be executed. For real surgery, severe damage of soft tissue
underneath the hard layer of bone can be prevented.

A number of drilling experiments with acrylic plates and porcine bones showed
that threshold values are important parameters for successful breakthrough detection.
When they are properly specified, the breakthrough can be effectively detected in real-
time with the proposed scheme. However, the main limitation of this scheme is that
tuning of detection parameters for specific bone types and drilling conditions associated
with different drill bit sizes and shapes is required. Initially, this would be done based
on empirical data from calibration testing on sample bone specimens. Over time,
compiling a large set of test results will allow more general tuning rules to be
established. Moreover, further investigations on the effects of spindle speed, stiffness of
the drill stand, and stiffness of the drilled object itself are also required since they

influence threshold setting. Although twist drill bits are commonly used, other types of
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cutting tools for drilling such as spherical burrs, round-nose end mills, and square end
mills should also be tested for evaluation and further development of the breakthrough

detection scheme.
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In bone surgery, drilling of bone without causing severe damage to tissue is a critical procedure. Particularly
for skull, spine, and special kinds of orthopedic surgeries, the process of bone drilling requires high accuracy
and precision since excessive drill protrusion can cause damage to nerves, blood vessels, and nearby organs. To
enhance safety of drilling, a new breakthrough detection technique that does not require the installation of a
sensor for force or torque measurement is proposed. This technique relies only on the measurement of current
flowing through the motor of an electric drill to monitor drilling progress. By measuring the amount of current

while executing stepwise drilling and applying a hysteresis thresholding algorithm, the breakthrough event can
be effectively identified in real-time. Experimental tests of a drill prototype utilizing this scheme showed that
breakthrough could be consistently detected. This prevents over drilling, enabling reliable drilling operation
which can minimize tissue damage.

1. Introduction

Surgery is commonly used to treat disease and abnormalities of bones
such as bone tumors, malignant bones, impaired bone joints, and disor-
ders of tissues adjacent to the bones. The most common case is as treat-
ment for repairing broken bones. To cure the fracture of bones, the sur-
geon usually performs drilling and scaffolding. However, because bones
are quite rigid and difficult to cut and drill, performing such surgical
procedures requires delicate skills and special tools.

In general cases of surgery, tools for drilling bones are handheld de-
vices that are designed to operate with compressed air or electricity.
Such traditional tools are portable, convenient to use, and efficient, but
one of their drawbacks is that they do not have built-in safety mech-
anisms to ensure safe usage. The safety of drilling relies only on the
perception of the surgeon. Thus, how well the surgeon can apply the
tools greatly depends on his/her experience and expertise. In many crit-
ical drilling operations such as skull and spine drilling, even a small
mistake can cause serious damage to blood vessels, nerves, and nearby
organs. In extreme cases, this may result in paralysis or death. The sur-
geon must therefore be extremely careful when applying a drilling tool
close to sensitive organs.
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of Engineering, Chiang Mai University, 239 Huay Kaew Rd., Muang District,
Chiang Mai 50200, Thailand.

E-mail address: pinyo@dome.eng.cmu.ac.th (P. Puangmali).
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At present, advances in electronic and computer technology en-
able the development of high performance drilling equipment for bone
surgery. To enhance safety, many drilling devices equipped with sens-
ing instruments have been developed [1-7]. Several bone-breakthrough
detection schemes have also been proposed over the last few decades [1-
5,7-17]. The early work of Brett and Baker on automatic breakthrough
detection for precise ear surgery was carried out with an automatic low-
speed microdrill using a spherical burr [1,2]. The major objective of this
work was to automatically estimate the onset of breakthrough during
stapedotomy so that the drill protrusion could be accurately controlled.
The measurement of feed force and reaction torque were key to identify-
ing the breakthrough. Although the drilling was prone to the deflection
of the stapes bone under tool feed action, minimum protrusion could be
achieved with the deployment of reference models used to predict the
breakthrough. Later, this technique was applied with an autonomous
robotic system for cochleostomy (drilling through the flexible bone tis-
sue of the cochlear for cochlear implantation) [5]. Having the capability
to identify the breakthrough from real-time sensory data of the thrust
force and the drilling torque, the system could control the surgical drill
tip to the required level of protrusion. Since force information is impor-
tant for breakthrough detection, Ong and Bouazza-Marouf introduced
a modified Kalman filter to their breakthrough detection equipment to
enhance force signal processing [8]. This led to the generation of the
Kalman filtered force difference between successive samples (K-FDSS)
profile which enabled consistent breakthrough detection to be executed
even though the drilling system with a twist drill bit was prone to the
effect of inherent drilling force fluctuation.
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In the field of orthopedic surgery, Allotta et al. reported the develop-
ment of an auto-detection technique and a scheme for drill-bit penetra-
tion control [3]. In their research, the information on the drilling thrust
force was used to identify states of bone drilling (with a twist drill bit).
Fuzzy reasoning was adopted for controlling the feed rate of the drill
such that safe orthopedic drilling operation could be performed with
a specially designed hand-held tool having a force sensing unit. Sub-
sequent work of Colla and Allotta further advanced the breakthrough
detection technology by introducing wavelet analysis for signal process-
ing [10]. Successful tests of a wavelet-based penetration control scheme
demonstrated its potential applicability in preventing over travel of the
drill bit during orthopedic surgery.

In order to enhance the reliability of the bone breakthrough detec-
tion, Lee and Shih proposed that feed force control should be imple-
mented for regulating drilling torque at all times of drilling [4]. Not
only thrust force information, but also drilling torque and feed rate was
used together for judging the breakthrough. Using a 3-axis robotic bone
drilling system, which consisted of a combined inner loop fuzzy con-
troller for position control and outer loop PD controller for the feed unit
force control, the state of penetration before the drill bit (twist drill bit)
penetrated out of the bone could be identified with the threshold infor-
mation of the thrust force, the trend of the drilling torque, and the feed
rate of the drill.

Rather than relying on the thrust force and drilling torque informa-
tion like in many other earlier proposed schemes, Osa et al. proposed
an autonomous penetration detection scheme for cutting and drilling
bones with hand-held tools [11,12]. Since an electric drill was utilized,
it was possible to use the current flowing to the motor of the drill and the
rotational speed of the tool to recognize the penetration with a support
vector machine (SVM) algorithm. Test results of this scheme with spheri-
cal burr demonstrated that, not only thrust force and drilling torque, but
also current and drill speed can be important indicators for recognizing
states of bone penetration.

For most of the previously proposed drilling systems, real-time feed-
force information is required for breakthrough detection. Thus, the in-
stallation of a force sensing instrument in the drilling system is es-
sential [1,3,4,8-10,13-17]. In our research, the study of drilling me-
chanics leads to the proposition of an alternative scheme developed for
bone drilling procedures that use a twist drill bit (the most widely used
drilling tool in orthopedic surgery). This new scheme requires neither
the installation of a force sensor nor the measurement of feed force. The
novelty of the scheme is based on the integration of three key elements:
current sensing, stepwise drilling, and hysteresis thresholding. A proto-
type of a drilling tool equipped with electronics for current sensing and
signal conditioning has been shown to perform successful drilling while
achieving effective breakthrough detection without force measurement.

2. Breakthrough detection technique
2.1. Current measurement for breakthrough detection

According to the physical operation of an electric drill, an increment
of drilling torque load while drilling causes the motor driving the drill
spindle to consume more current. However, when the breakthrough is
occuring, the torque load declines, causing the current to reduce simul-
taneously. In principle, this phenomenon allows breakthrough to be de-
tected based on the monitoring only of the motor current. A simple indi-
cator for identifying the breakthrough involves a threshold value which
can be determined slightly higher than the amount of current at no load.
When the current flowing to the motor diminishes to such a value (usu-
ally during the occurrence of the breakthrough), the breakthrough is
detected.

Breakthrough detection based on current measurement is considered
an effective approach since, in typical set-ups, the current responds to
torque load change very quickly. The measurement of current is also
simple since it can be carried out without need of modifying the struc-
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ture of the drill to install a sensor. Instead, it can be realized by connect-
ing the drill with a current sensing circuit.

2.2. Analysis of breakthrough detection scheme

To analyze the motor current behavior, a mathematical model of a
direct current (DC) motor driving the drill chuck with direct transmis-
sion of power (without gearing) is considered. This model includes the
following governing equations [18]:

R k v,
N PR L] )
dr L, L, "1,
d kt. bm 1

sz 710_7('0_7TL’ (2)

where i, represents current flowing through the armature winding of
the motor, R,, L,, and V, are resistance, inductance, and voltage of
the armature winding, k, is back electromotive force (emf) constant,
o is rotational speed of the drill, k; is torque constant of the motor, J
is effective moment of inertia of the rotating parts, b,, is viscous fric-
tion coefficient of the motor, and T; is torque load caused by drilling.
Egs. (1) and (2) may be expressed in the Laplace domain as

1
I,(s) = m([/a(s) — k,Q(s)) 3)
1
Q(s) = m(k,fa(S) =Tr(s), 4)

where I,(s), V,(s), Q(s), and T; (s) represent the Laplace transforms of i,,
V. o, and T; respectively. By substituting (4) into (3) and rearranging,
an expression for I,(s) can be determined as

Js+b,
I(s) = 5 Va(s)
L,Js2+ (Lyb,, + RyJ)s + (R,b,, + k,k,)
kl}
Tp(s). ®)

* LoJs? + (Lyby, + RyJ)s + (Ryb,, + kyk,)

Eq. (5) indicates that current change occurs in relation to the voltage
of the armature winding V,(s) and torque load T; (s). If voltage V,, is reg-
ulated to a constant value by the voltage-source power supply, changes
of current will depend only on the torque load. When the drill experi-
ences no load, the current is usually steady at a constant value (no-load
current value). Afterward, when the drill bit progresses into the bone,
the torque load acts at the tip of the drill causing the current to increase.
Finally, when the drill is breaking through the bone, torque load will sig-
nificantly diminish, causing the current to drop. Significant reduction of
current therefore indicates the occurrence of the breakthrough.

3. Realization of breakthrough detection
3.1. Current sensing and signal conditioning circuit

In practice, the level of current flowing through the motor may be
determined by the use of a sense resistor. Fig. 1 shows a sense resistor
connected in series with the motor. The voltage across this sense resis-
tor is the sensing signal which is processed by a signal conditioning cir-
cuit comprising an isolation amplifier, a differential amplifier, and an
instrumentation amplifier. The isolation amplifier associated with in-
put filter components is used to perform initial filtering for suppressing
high-frequency noise while providing electrical isolation between the
power line and other parts of the signal conditioning circuit. The output
of the isolation amplifier is processed by a unity-gain differential ampli-
fier with associated capacitors for further noise filtering. These filtering
components are included for suppressing commutation ripple before the
signal is offset and amplified to the required level by an instrumenta-
tion amplifier. Fig. 2 shows the schematic of the circuit. In the Laplace
domain, the voltage across the sense resistor V. (s) is an analog signal
whose magnitude varies with the amount of current flowing through the
motor according to

Vo (s) = Ry, 1,(5). (6)
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Fig. 1. Main components of current sensing and
signal conditioning circuit.
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Fig. 2. Current sensing and signal conditioning circuit.

The analog signal V,(s) is filtered, amplified, and offset by the signal
conditioning circuit to obtaln the voltage output V, which is given by

V,(s) = ka [k Vi (5) = Vo p (5)]. @)

In this equation, k; and k, are gains of the isolation amplifier and
the instrumentation amplifier respectively. V,(s) is the constant refer-
ence voltage obtained from a precision voltage reference generator. The
voltage from this device is used to adjust the offset of V.(s) after high
frequency noise is filtered out. Substituting V.(s) in (7) and using (5),
we obtain

Vo(s) = kZ[kler 1,(s) - ref]
kaky Ry Ay (8) = KoV
_ kyk( Ry, Js + kyk, R, b,, V()
L,Js2 + (Lyb,, + R,J)s + (Ryb,, + kyk) °
k,koky Ry,
L oI s2+ (Lyb, + R J)s+(R by, + kyk;)

Ti(s) = koVies-  (®)

It should be noted that, transient effects from electronic components
(including filters and amplifiers) are neglected here since their responses
are much faster than that of the motor. In (8), if Vref(s) is set such that
the magnitudes of the first and the last terms become close to each other
in steady state, the voltage output V,(s) can be simply determined as

~ kkakler
Vo(s) = 5 Ty (s). (&)
LJs2+ (L,b, + R,J)s + (Ryb,, + k,k,)

For typical small-sized low-inertia DC motors, the transfer func-
tion obtained from (9) behaves as a low-pass filter having high band-
width due to the existence of fast system poles. This property gives
good characteristics for measuring transient features of the torque
load profile. The variation in voltage output V, for a typical drilling
torque load, produced when the drill bit penetrates into an object
in short quick steps until the breakthrough is reached, is shown in
Fig. 3. It can be seen that the voltage output responds to the changing
torque load very quickly to produce a clear peak each time the drill is
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Fig. 3. Typical voltage output V, recorded while drilling a flat
plate with a twist drill bit: 1) no contact between the drill bit
and the object, 2) the peak of the first drilling step arising when
the tip of the drill bit first penetrates into the object, 3) half
of the conical tip of the drill bit penetrating into the object, 4)
conical tip of the drill bit completely penetrating into the ob-
ject and 5) thin layer of material bent out at the bottom of the
hole, 6) the tip of the drill bit breaking out of the object (com-

plete breakthrough), and 7) conical tip of the drill bit completely
penetrating out of the object.

Time (s)

advanced. This behavior can be exploited for accurate detection of the
breakthrough.

3.2. Breakthrough detection algorithm

To identify breakthrough, the magnitude of the voltage output V,, is
sampled and the breakthrough detection algorithm applied. This algo-
rithm is designed to detect the breakthrough when executing stepwise
drilling. This drilling procedure involves a controlled motion of the drill

<

such that a sub-millimeter increase in drilling depth occurs for each step.
Several successive drilling steps are carried out until the breakthrough
occurs. Because the drill movement is stepwise, drilling torque load is
approximately periodic (see the plot in Fig. 3). While executing each
drilling step, there is a sharp peak in the torque load. Each peak also
produces a peak in the voltage output signal. Several steps of drilling
are executed until the tip of the drill is about to break out of the ob-
ject being drilled. The magnitude of the peak then declines. By applying
an algorithm based on the measurement of the peaks, the breakthrough

Fig. 4. Breakthrough detection algorithm.
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Fig. 5. Typical plot of the difference between ¥, and V, (de-
noted as VZ - 70) with indication of drilling states (see Fig. 3).
The breakthrough is detected when I//; -V, becomes lower than
the secondary threshold Vj,, (marked as “B”).
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can therefore be detected when the magnitude of the peak diminishes
to zero.

In practice, contamination of noise in the sampled signal occurs. An
averaging technique for noise reduction is therefore applied during the
process of breakthrough identification. As shown in Fig. 4, n initial val-
ues of V, are recorded prior to feeding the drill toward the object. The
average of these initial values represents the minimal value of V,, de-
noted as V. After recording these values, the drill is fed toward the
object with a small increase in drilling depth over a short period of time
(tteeq)- In the initial drilling phase, if the tip of the drill bit does not con-
tact with the object, the torque load remains zero. Short stepwise feeds
are repeated (as long as the drill does not move beyond a predefined
allowable safety range) until the tip of the drill bit comes into contact
with the object. The time period for each repetition of a stepwise feed
(trepear) 1s set sufficiently long to complete a small drilling step (trepeat >>
treeq) that is required to cut and remove material out of the drilled hole.
When the lips (cutting edges at the tip) of the drill bit begin cutting into
the object, the torque load rapidly increases causing V,, to increase to a
peak value and then decline (see the plot in Fig. 3). For the advantage
of noise immunity, an average is also calculated to estimate the peak of
the signal based on the m highest sampled values of V, recorded during
advancement of the drill. This average is denoted as V,. The value of ¥/,
is compared to the averaged initial value, V,. If the difference between
these two values is higher than the primary threshold value (V; -V
Vin1), the drill is recognized to be in the main drilling phase (see Fig. 5).
Based on experimental verifications, a practical value of the primary
threshold V4, can be determined as the voltage difference ¥, — V, when
half of the conical tip of the drill bit penetrates into the object. When
the penetration is deeper than half of the conical tip of the drill bit, it
is considered to be in the main drilling phase. Stepwise drilling motion
then continues while the algorithm keeps monitoring the voltage differ-
ence ¥, — V,. The voltage difference ¥, — ¥, usually remains higher than
Vi1 until the breakthrough starts to occur. In the breakthrough phase,
the voltage difference ¥, — ¥, reduces successively. If the difference be-
tween V; and V, drops to zero, the complete breakthrough is reached.
However, another threshold—the secondary threshold (Vi;,,)—is set to
recogmze the early state of the breakthrough. If the voltage difference
V V, becomes less than this secondary threshold value (V V,< Vo),
the breakthrough state is detected, as shown in Fig. 5.

To negate the measurement uncertainty that might lead to fault
breakthrough detection in practice, V5 should be set slightly higher
than the upper deviation of the voltage differences V v, when the drill
has no drilling load. Higher value of V;, may be set for early detection
of the breakthrough, allowing a safety margin to prevent over drilling in

critical surgical procedures. It should be noted that, according to the hys-
teresis thresholding principle, V5 and Vi, form the lower and upper
thresholds for breakthrough state recognmon with uncertainty immu-
nity. Since the voltage differences V V, can fluctuate due to electrical
noise, mechanical vibration, and inhomogeneity of bone, having large
difference band between Vy,; and Vg, by keeping V5 low is essential
for maintaining high reliability of breakthrough detection. In practice,
the achievable difference band is dependent on the properties of the
drilled material.

4. Experimental verifications
4.1. Drill prototype
The breakthrough detection scheme was tested using a drill proto-

type which is composed of an electric drill with a twist drill bit, asso-
ciated electronics, and a drill stand. Fig. 6 depicts this prototype with

Electrical Drill

Drill Stand

Electronics

Fig. 6. Drill prototype and a piece of bone specimen.
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Fig. 7. Architecture of the control system.

a piece of bone specimen clamped in place by a bench vice. The archi-
tecture of the control system associated with this prototype is shown
in Fig. 7. The main component of the drill is a permanent magnet DC
motor which is coupled directly with the drill chuck without speed con-
trol. It is installed on a 1-mm-pitch ball-screw linear actuator driven by
a DC servo motor (Faulhaber Schonaich 3557K024CS). To perform pre-
cise control of the drill feed motion, a proportional-integral-derivative
(PID) control algorithm is implemented in a 32-bit microcontroller
(STM32F407VG) combined with an H-bridge motor driver circuit. This
motion control algorithm was tuned to provide an overdamped response
with rise time of 24 ms. Operating at a sampling frequency of 1 kHz,
the microcontroller uses its internal 12-bit analog-to-digital converter
for sampling the analog signal from the breakthrough detection circuit
such that, as soon as the occurrence of the breakthrough is detected, it
can control the drill bit to move out of the drilled hole.

4.2. Experiments

Two drilling experiments were conducted with the drill prototype to
verify the breakthrough detection and control algorithms. The first ex-
periment was conducted with acrylic plates. The other experiment was
conducted with porcine bones. To carry out these experiments, a 3.2-mm
twist drill bit was used. The drill was controlled to move step-by-step
with a step size of 0.1 mm and time period of 3 s while the drill chuck
rotated at a speed of 7950 rpm (no-load speed). Note that step size is
one of the key parameters for successful breakthrough detection since
it affects both detectability and precision of the breakthrough detection
scheme. Small step size is mostly desirable since it increases the posi-
tional precision. However, if the step size is too small, the detectability
of breakthrough detection and immunity to uncertainty will be poor
due to reduced current peaks. On the contrary, if step size is big, the
detectability is high but the precision is low due to reduced motion con-
trol resolution. Depending on the application, different step sizes may
be set based on target criterion for the tradeoff between detectability
and precision. Equipment associated with these two experiments is as
shown in Fig. 6. Details and results of each experiment are described as
follows:

Fig. 8. Comparison of drilled holes on acrylic
plates. Left: the holes drilled with breakthrough
detection algorithm (residual thin layer of
acrylic at the bottom of the holes still remains
as seen in white). Middle: bottom of the holes
drilled with breakthrough detection algorithm
(residual thin layer of acrylic at the bottom of
the holes clearly seen in white). Right: the holes
drilled without breakthrough detection algo-
rithm (no residual layer of acrylic remains since
the acrylic plate was drilled through).

1) Drilling acrylic plates. Three pieces of 3-mm-thickness transparent
acrylic plates were used as specimens. The first two pieces were used for
breakthrough detection tests. Each specimen was clamped on a bench
vice while drilling was controlled according to the breakthrough detec-
tion algorithm shown in Fig. 4. The third piece of specimen was used for
drilling holes through without breakthrough detection. In breakthrough
detection tests, the values of I//; and V, were individually calculated from
5 sampled values (n = m = 5). The primary threshold V,; was set to 0.6
V (Vi = 0.6) which is approximately equal to the voltage difference
V, — V, observed when half of the conical tip of the drill bit penetrated
into the acrylic plates. The secondary threshold Vy, was set to 0.2 V
(Vo = 0.2) enabling early detection of the breakthrough to be carried
out. Note that the value of this secondary threshold is higher than the
upper deviation of the voltage differences I//; —V, when the drill has
no drilling load as described in Section 3.2. When the breakthrough
occurred, the drill bit was removed from the drilled hole immediately.
Only a small residual layer of acrylic remained at the bottom of the hole.
The drilling operation was repeated for ten drilled holes (five holes on
each acrylic plate). The holes drilled with and without the breakthrough
scheme are shown in Fig. 8. Table 1 shows the thicknesses of the resid-
ual layer of acrylic obtained from each time of drilling. The average is
approximately 0.19 mm. This result shows that slightly early detection
before the occurrence of complete breakthrough is precisely carried out
with the thresholds specified based on the described criterion.

Table 1
Thicknesses of the residual layers of acrylic remaining at the
bottom of the drilled holes.

Hole No. Thickness (mm) Hole No. Thickness (mm)
1 0.17 6 0.21
2 0.17 7 0.22
3 0.18 8 0.22
4 0.19 9 0.22
5 0.19 10 0.17
Average 0.19
Standard Deviation 0.02
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T Fig. 9. Typical voltage output V, recorded during dr1111ng a
hole on an acrylic plate (top) and the associated plot of V
(bottom). A: the peak of the first drilling step and B: the peak
of the last drilling step when the breakthrough is detected.
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In Fig. 9, a typical voltage output V, and voltage difference f/; -V,
recorded throughout the operation of drilling is shown. As can be seen,
after several steps of drilling, the peak voltage value of each drllhng step
declined. Drilling was terminated when the voltage difference V v,
dropped below the secondary threshold Vj,,. Thirty-five drilling steps,
equivalent to the travel distance of 3.5 mm, was executed before the
breakthrough was detected. This exceeds the thickness of the acrylic
plate (3.0 mm) because the residual layer of acrylic was bent out at
the bottom of the hole before complete breakthrough occurred (see
Figs. 3 and 5). Fig. 10 illustrates overlaying plots of all ten drilling oper-
ations showing the consistency of the voltage signals and breakthrough
detection zone in which the voltage differences ¥, — ¥, become lower
than V5. It is clear that, after 33-35 drilling steps, the breakthrough
was detected in this zone. The deviation of breakthrough detection is
therefore less than 3 drilling steps or, in other word, within 0.3 mm
(step size = 0.1 mm).

2) Drilling porcine bones. Four pieces of femur bones were used as
specimens in the second experiment. Every specimen has two distinct

Fig. 11. Drilled hole on the femur bone (left) and the cross-section of the hole
on the bone (right).
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Fig. 12. Typical voltage output V, recorded during drilling a
hole on a femur bone (top) and the associated plot of 170 —70
(bottom). A: the peak of the first drilling step and B: the peak of
the last drilling step when the breakthrough is detected.
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bone layers: cortical bone layer (the outer hard layer) and cancellous
bone layer (the inner soft porous layer). While performing drilling, each
bone was clamped in place. The same settings for all parameters in-
cluding the spindle speed were applied in this case as in the previous
experiment. In this experiment, the objective was to detect the break-
through when the drill bit started to penetrate out of the cortical bone
to the inner porous layer of the cancellous bone. After several steps of
drilling, the breakthrough was successfully detected. Fig. 11 shows a
typical drilled hole and the bone cross-section. As can be seen from the
figure, drilling stopped at the boundary of the cortical and cancellous
bone layers. Very little damage to the cancellous bone was caused. The
records of voltage output V, and the voltage difference ¥, — ¥, associ-
ated with this experiment are shown in Fig. 12. Compared to the case
of drilling acrylic plates, the response of the measurement signal in this
case has a more irregular pattern. This was mainly due to the inhomo-
geneous structure of the bone material. In Fig. 13, the cross-sections of

Fig. 13. Cross-sections of drilling holes on four different pieces of femur bones.

drilled holes on four different pieces of bones are shown. It is clear that
only little damage was caused to the cancellous bones because the coni-
cal tip of the drill bit travelled only slightly beyond the boundary of the
cortical and cancellous bones, and was stopped before complete cuts of
the cortical bones by the cutting edges at the tip of the drill bit were
made.

5. Conclusion

In this research, the combination of three key techniques is proposed
for breakthrough detection in bone drilling procedures: 1) measurement
of current flowing though the motor of the electric drill using a sense
resistor, 2) stepwise drilling action controlled by a microcontroller, and
3) hysteresis thresholding for breakthrough detection with uncertainty
immunity. The measurement of current can be performed effectively
by applying a sense resistor with specially designed signal conditioning
circuit, which is composed of an isolation amplifier, a unity-gain differ-
ential amplifier with input filter components, and an instrumentation
amplifier. With the stepwise drilling action, there is a peak in the mea-
surement signal at each step of drilling. By monitoring the peak, the
breakthrough can be identified since, when the breakthrough begins to
occur, the peaks at successive drilling steps decline. If the peak declines
below threshold values according to the hysteresis thresholding princi-
ple, the drilling process is terminated and the drill bit removed from the
drilled hole. This drilling procedure allows safe drilling to be executed.
For real surgery, severe damage of soft tissue underneath the hard layer
of bone can be prevented.

A number of drilling experiments with acrylic plates and porcine
bones showed that threshold values are important parameters for suc-
cessful breakthrough detection. When they are properly specified, the
breakthrough can be effectively detected in real-time with the proposed
scheme. However, the main limitation of this scheme is that tuning of
detection parameters for specific bone types and drilling conditions as-
sociated with different drill bit sizes and shapes is required. Initially,
this would be done based on empirical data from calibration testing on
sample bone specimens. Over time, compiling a large set of test results
will allow more general tuning rules to be established. Moreover, fur-
ther investigations on the effects of spindle speed, stiffness of the drill
stand, and stiffness of the drilled object itself are required since they
also influence threshold setting. Although twist drill bits are commonly
used, other types of cutting tools for drilling such as spherical burrs,
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round-nose end mills, and square end mills should also be tested for eval-
uation and further development of the breakthrough detection scheme.
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