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Haptic Drill for Spinal Surgery:
Detection of Penetration based on both Thrust and Cutting Forces

1. Introduction

It is necessary to develop a surgical drill with the
ability to stop automatically to assist surgeons. Various
studies have addressed issues related to drilling bones.
Osa et al. developed a handheld bone-cutting-tool which
detected the penetration based on estimating the cutting
resistance from the response current and rotary speed [1],
[2]. Qi et al. suggested an algorithm to find the
singularity of the force signal for detecting the
breakthrough based on the wavelet transform [3]. Dai et
al. proposed a method to monitor bone cutting operations
by using an acceleration sensor and a laser displacement
sensor to measure the vibration amplitude of the bone
being cut and its adjacent tissues [4]-[6].

However, guaranteeing successful  penetration
detection and auto-stop under varying drilling conditions
is challenging. To deal with this problem, this study
presents a detection of penetration method by capturing
suddenly fluctuations in thrust and cutting forces.

First, the characteristics of thrust force and cutting
force in intrusion, steady, and penetration stages of cutting
bone are investigated. Then, from these characteristics, a
detection method of penetration is developed based on a
combination of thrust and cutting forces. Additionally,
three difference cutting modes are developed and
conducted in an experiment. Experimental results validate
the performance of the method in all the developed cutting

modes.

2. Cutting bone stages
Based on the drill bit radius, drilled hole depth, and

bone thickness, cutting can be divided into intrusion,
steady, and penetration stages as shown in Fig. 1. The
intrusion stage occurs if the drilled hole is less than the
radii of the drill bit. If the drilled hole is greater than the

radii of the drill bit and less than the bone thickness, it is
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called the steady stage. Finally, the penetration stage
happens if the drilled hole is greater than the bone
thickness.

If a constant thrust force F is applied on the drill bit,
the penetration rate v, is very different from that in these
stages. We assume that penetration rate in intrusion,
steady, and penetration stages are vy, vy, and vgs,
respectively. Inreality, vy, issmallerthan vy, and vy,
is smaller than wvy3. When penetration happens, the
penetration rate v¢; suddenly increases from v,. As a
result, the cutting force F, suddenly increases. In
contrast to the increase in cutting force, the thrust force
suddenly decreases due to the rapidly decrease of
environment stiffness as the drill breaks through the bone.
The opposite fluctuation of these two forces is used as the

basis for the penetrating detection method in this study.

Drill bit ® ' Bone Drill bit, [ ®—|- Bone
Vgq k\‘ F Vgy hN F,
E L ——
—n:{ LN
Drilled hole Drilled hole
(a) Intrusion stage (b) Steady stage

Drill bit |
- B
- a one
F Vg o

— J

Drilled hole

(c) Penetration stage
Fig. 1. Cutting stages.

3. Penetration detection schedule
In general, penetration can be detected based on the

cutting force or thrust force, or both of them. This study
aims to detect penetration by a combination of both these
forces.

In the bone cutting process, the cutting force depends
on various factors such as the stiffness of the bone, the
rotary speed, the type and diameter of the drill bit, the

difference in position between the drill bit and the bone
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Fig. 2. Experimental platform.

(drilled hole), and the thrust force. If the bone, the rotary
speed, the drill type, and the hole depth are identified, the

cutting force (F,) is only a function of the thrust force (F).

In the intrusion and steady stages, it is obvious that
the cutting force F. is increased if the thrust force from
the slave F, increases. In contrast, if the thrust force
decreases, the load on the rotary motor decreases and the
cutting force decreases. However, in the penetration stage,
the cutting force suddenly increases due to the increase in
the penetration rate, while, thrust force suddenly decreases
due to the decrease in environment stiffness. Therefore,
the subtraction of these two forces is a good variable for
penetration detection. In addition, cutting and thrust forces
are only inversed if the penetration occurs. Thus, this

method can prevent mistakes with varying thrust forces.
4. Results and discussion
The experimental platform is shown in Fig. 2. It

consists of a Haptic drill and wooden bone models.
4.1. Cutting force characteristic in cutting bone process

For the cutting force, an experiment was conducted

with the conditions as follows: a constant thrust force was
generated to advance the drill bit into the bone model. The
cutting force was estimated based on the response current
of the rotary motor. The experimental result of the cutting
force is shown in Fig. 3. It can be seen from the
experimental result as follows:

e The cutting force increases when the drill bit gets
deeper and deeper into the wood in the intrusion
stage.

e The cutting force almost remains constant when
the drill bit fully penetrates wood in the steady

stage.

[
Penetration stage =d

10 12 14 16 18 20 22 24
Time (s)

Fig. 3. Cutting force characteristic.

>

Penetration

/!

Thrust force Fs (N)
R = - -t}

0 2 4 6 8 10 12 14 16 18
Time (5)

Fig. 4. Thrust force characteristic.
o If penetration happens, the load on the rotary motor
increases due to the increase in

Thus, the

suddenly
penetration rate. required current
suddenly increases to satisfy the equation of
motion. Consequently, the cutting force suddenly
increases. Then, the load reduces to zero if the drill
bit goes whole through the bone. At that time, the
cutting force reduces to zero. It can be confirmed
that cutting force can be used to detect penetration.
4.2 Thrust force in cutting bone process
This section aims to investigate thrust force. Fig. 4
illustrates the thrust force characteristics when drilling
bone model. It is difficult to conclude using this force
because it depends on the applied force from the operator.
However, the thrust force clearly decreases suddenly due
to the environment stiffness rapidly decreasing when
penetration occurs. This phenomenon can also be used as
a sign to detect whether or not penetration has occurred.
4.3. Experimental validation performance of penetration
detection method
Three drilling modes of continuous, partial, and
automatic drilling were performed to test the effectiveness
of the detection algorithm. In continuous mode, the
operator advances the drill bit continuously until it
penetrates the bone. In partial mode, the operator only
drills a thin layer of the bone, then moves back. The
process is repeated until the drill bit penetrates the bone.
In automatic mode, the drill advances automatically
without any action from operator.
Fig. 5 shows the cutting force (F.) and threshold

values (proportional to thrust force Fy) in continuous
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Fig. 5. Thrust and cutting forces in
continuous drilling.

drilling mode. The detect point of penetration is the
crossed point between F,. and threshold value. Fig. 6 and
Fig. 7 present experimental results when drilling in partial
and automatic modes. Good detections are obtained in all
continuous mode, partial mode.

Additionally, experimental results of partial mode on
Fig. 6 shows the detection ability even if the bone
thickness is small lefts. The wood after drilling is shown
in Fig. 8. The experimental results confirm the

performance and the utility of the developed method.

(a) Front view

e .
X g

(b) Back view
Fig. 8. Wood after drilling.
5. Conclusion and future works
This study introduced a method to detect penetration

based on both thrust force from the operator and cutting
force estimated from response current of rotary motor.
Three difference modes of cutting were conducted in an

experiment. validated the

Experimental  results
performance of the method in continuing, partial, and
automatic modes. Due to the inverse of thrust and cutting
forces when penetration occurs, the method was able to
detect penetration even if the bone was thin, avoiding
wrong detection.

However, drilling was performed while the drill was
placed horizontally. In future works, the penetration
detection algorithm should to evaluate its detection

performance when drilling in different postures.

Fig. 6. Thrust and cutting forces in
partial drilling.
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Fig. 7. Thrust and cutting forces in

automatic drilling.
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