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An individual’s feeling of bone quality during a drilling procedure is important for predicting the prognosis of a
dental implant. At present, the estimation of an individual’s feeling is subjective, and a new, definitive, data-based
classification scheme is needed to identify bone quality objectively. A tele-robotic drilling system was developed to
solve this problem. This paper presents a model for predicting vibration during bone drilling. The forces from the
drill are modeled by considering the indentation process that occurs under different form computed tomography (CT)
numbers. This method can be applied to a cutting-force presentation method using a haptic drilling system. An experi-
ment was conducted to confirm the validity of the proposed method. The result shows that the experimental simulation
achieved the same force response as the real cutting. The mean of the error between the real cutting force and the
predicted cutting force was 3.5%. The system allows dental students to learn and practice procedures such as cutting
the jaw bone. The advantages of this system are that it has a high force-output quality and a fine position-sensing
ability. Therefore, dental students can simulate a realistic force response from the bone if the CT number has been
acquired. This system can also be used for real implantation surgery because it allows doctors to experience the force

response before operating.
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1. Introduction

Bone drilling is widely used in many orthopedic surgery
procedures, including those for correcting bone fractures and
attaching prosthetics. The desired outcome of the bone-
drilling process is to produce clean and accurately positioned
holes without damaging the surrounding tissue. Bone drilling
is also needed in dental implantation operations. Dental im-
plants are attracting medical attention as a treatment for miss-
ing teeth. Tooth loss has been known to leads to difficulty
with mastication, decreasing the nutritional intake of vita-
mins and minerals. Dental implants are prosthetic devices
constructed to replace missing teeth. Since the root of the
implant is fixed in the jawbone just like a normal tooth, it can
achieve good strength, feeling and appearance compared to
traditional artificial teeth such as dentures or bridges .

In contrast, implant treatment requires a surgical proce-
dure for the drilling of bone tissue. Therefore, there is a
risk that such a treatment may result in subsequent complica-
tions or life-threatening accidents because of heavy bleeding
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or nerve damage during surgery ®. In addition, clinical re-
ports indicate that the 10-year survival rate of implants is
only 90.5% to 96.5% ©. Relatively large forces experienced
during bone drilling pose significant challenges to the effec-
tive application of the technique. Large drilling forces and
torques cause frequent drill-bit breakage “~®; since this could
obstruct placement of other devices or cause adverse histo-
logical effects, follow-up procedures to remove the broken
drill bit are commonly required ”®. Similarly, uncontrolled
forces may result in drill breakthrough, imparting consider-
able damage to surrounding tissue ©'". Furthermore, drilling
forces are the main source of heat generation during bone
drilling ® and may induce significant trauma to the tissue
through osteoporosis . Moreover, large drilling forces
may promote crack formation, which can result in prosthetic
or bone failure ", Therefore, it is critical to understand the
bone-drilling process and develop functional relationships to
describe the effects that drilling conditions and drill-bit ge-
ometry have upon bone-drilling forces, so as to improve drill-
bit designs, select favorable drilling conditions, and assist in
robotic surgery procedures .

For performing surgical procedures successfully, it is im-
portant to ensure that there is sufficient distance in the jaw-
bone between the implant and anatomical landmarks, such as
nerves or blood vessels. Anatomical landmarks of the jaw-
bone include the maxillary sinus, the incisor foramen in the
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Table 1. Conventional Method
Haptic Device Maximum Force Continuous Force Position Resolution — Stiffness ~ DOF
Desktop (Wu) 79N 175N 23 ym 24N/mm 3 DOF
Omni (Rhienmora) 33N 0.88N 55 um 2.3N/mm 3 DOF
Premlum1.5 (Laehyun) 85N 14N 30 um 3.5N/mm 6 DOF
Proposed Method 78.0N 20.0N 0.1 um 1IN/mm 1 DOF

maxilla, the mandibular canal, and the incisive foramina in
the mandible. Ingression of these landmarks may cause nerve
damage or heavy bleeding. Therefore, the implant must have
a margin of at least 2 mm from each of these landmarks. In
addition, the jawbone should have sufficient bone density to
hold the implant to ensure the long-term success of prosthe-
sis 7.

Because the top of the drill is invisible during an operation,
physicians must perform the surgery based on delicate feel-
ings from the cutting device. To correctly handle this device,
physicians must rely on advanced techniques and extensive
experience. As the quality of operation depends on the skills
of the physician, lack of experience may result in damage to a
the jawbone landmark due to over-cutting the depth that was
set in advance.

To protect patients from such medical accidents, it is neces-
sary to eliminate the health disparities that arise from varying
levels of physician experience. The research and develop-
ment of a supporting technology for the physician can pre-
vent the occurrence of medical accidents.

Table 1 shows the performance of the conventional
method. Wu et al. applied a half-silvered mirror and a Phan-
tom Desktop device in their realization of a dental-training
system"®. Kim et al. and Rhienmora et al. also used vi-
sual, auditory, and haptic display systems such as Phan-
tom Premium or Phantom Omni to construct dental work-
benches "2®”. However, the continuous force performance
of these conventional methods is relatively low (1.75N for
Phantom Desktop, 0.88 N for Phantom Omni, and 1.4N
for Phantom Premium). The required continuous-force per-
formance is 8.0N or more when cutting a cortical bone
(0.6 mm/s) and 20.0N when a cutting porcine lower jaw
bone ®. Therefore, the performance of the conventional
method is too small to realize a force response when cutting
bone tissue.

In this paper, a novel design for a cutting-force presentation
method using a haptic drilling system is presented. This sys-
tem allows dental students to learn and practice procedures
such as cutting the jaw bone. The advantages of this system
are that it has a high force-output quality (20.0N in contin-
ues) and a fine position-sensing quality (0.1 um). Therefore,
dental students can simulate realistic force responses from a
bone if the computed tomography (CT) number has been ac-
quired. This system can also be used for real implant surgery
because it allows doctors to experience force response prior
to an operation. The final goal of this research is to achieve
real-time CT number estimation estimation using five degree
of freedom robot arm in last study ®® and an automatic stop
system using bilateral control. In this paper, the cutting force
and motor vibration are modeled as one equation using a dis-
crete Fourier transform (DFT). The motor vibration is nor-
malized by the cutting force to avoid interference between the
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Concept of robotic drilling system

CT-based parameter identification and the cutting-vibration
data.

2. Materials and Methods

Figure 1 shows the concept of robotic drilling system and
Fig. 2 presents a flow diagram of the proposed method. This
system makes use of master and slave robots. The master
robot can be operated by the physician, and whereas the slave
robot interacts with the environment. The forces and posi-
tions of the master and slave robots are transmitted in both
directions by a bilateral control *.

The slave robot is used to learn the relationship between
the cutting force and the CT number. Then, the master robot
is used to simulate the cutting force. The relation between
the cutting force and the CT number is given by Eq. (1); it
has the same structure as DFT:

F' = 5,(Ao(Cr. %) + Z B,(Cr. 2)exp(2rif,1)).

where s; is a rate of cutting width w to the real length of cut-
ting blade w,. It changes in the range from 0 to 1 depending
on the drilling states shown in Fig. 4, and f, is the dominant
frequency when cutting the material. Ay is the zero-frequency
term that indicates the magnitude of the signal, and B, is the
n-frequency term, which has an imaginary value. Ay and B,
are functions of the CT number Cr and the velocity x. The
aim of this paper is find the shape and value of the A¢ and B,,.

2.1 Drilling States and Continuous Force In this
section the shape of s, will be explained. Figure 4 shows
the head of the twist drill. The continuous force changes de-
pending on the cutting width, and there are three states when
cutting bone-like material.

(I) Contact with the Material:
The cutting width w increases in proportion to the cut-
ting depth, x. Therefor, w-/,/w, is equal to the cutting
depth x, and the continuous force F"*® increases in
proportion to x. s, in this state is shown in Eq. (2):

X
5 = Lo )

Here, [, represents the length of the drill top.
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Fig.4. Head of the twist drill

(II) Cutting the Material:
The cutting width, w, is equal to the length of cut-
ting blade, w,.. Thus, the continuous force, F**, is not
changed by the cutting depth. s; in this state is shown
in Eq. (3):

(IIT) Penetrating the Material:

The cutting width, w, changes depending on the rate
of the cutting material and the air with which the cut-
ting edge makes contact. Therefore, the continuous
force decreases to O as x increases to d + [;. s, in this

state is shown in Eq. (4):

where d represents the depth of the cutting material.

2.2 Material Density and CT Number The shape
of the chip formed by drilling is important for determining
the continuous force. For example, the shape of the chip in
metal cutting is continuous. In this case, the continuous force
can be calculated from the geometric structure of the cutting
blade and the cutting material.

However, when cutting fragile materials such as bone or
wood, the shape of chip is cracked. In this case, it is almost
impossible to calculate the continuous force from the geo-
metrical structure, because the shapes and sizes of the chips
are randomly generated.
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Although the continuous force cannot be calculated from
the geometrical structure of the cracked chip, some experi-
mental observations may be of help. For example, the con-
tinuous force, F, is expressed as a function of the material
density, 6, to the power of n. This relation can be written as

Eq. (5):
F = K& (14 KX).eeemeveeemnneeenneeeaneen.

This equation constitutes the relationship between material
density and continuous force. The functions Ag and B, in
Eq. (1) have the same shape of F' in Eq. (5).

CT produces volumetric data of various bodily structures
based on their ability to block X-ray beams. The CT num-
ber is the relative value normalized by the values for water
(OHU) and air (—1,000 HU). For example the CT number of
fat is around —100 HU, that of muscle is around 60 HU to
70 HU, and the that of bone is around 200 HU to 2,000 HU.

The CT number is proportional to the material density, J,
and the mass-attenuation coefficient, £, which are the unique
for each material. The relationship between these quantities
is as follows Eq. (6):

£6=Cr—1000 = Clvvvrvmrremnneeanen (6)

The relationship between the force, F', and CT number, Cr,
can be written as Eq. (7) based on Eq. (5) and Eq. (6):

F = &C’T"(l F KX)o
gn
2.3 Model of Cutting Vibration Motor-vibration
information is also an important consideration in drilling.
Physicians must feel not only the force feed-back, but also
the vibration of the motor to detect the hardness of the cut-
ting environment.
Motor vibration data are acquired from a fast Fourier trans-
form and can be modeled as the sum of trigonometric func-
tions given by Eq. (8):

Fop = Z BueXP(ifyf). v+ vereneeenaeeenen

The amplitude, |B,|, and the dominant frequency, f,, are im-
portant for obtaining the equation of the cutting force. In the
experiment, the gain of RFOB g, was set to 1,000 rad/s. The
cut off frequency of RFOB can be calculated as Eq. (9):

The Nyquist frequency can be calculated from the sampling
time, #,(0.1 ms), as Eq. (10):

IEEJ Journal IA, Vol.6, No.1, 2017
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The observed cutting-vibration frequency is smaller than
both the cut-off and Nyquist frequencies.

2.4 Frequency Analysis Figure 5 shows a spectro-
gram obtained under cutting of pine wood. A small 15Hz
vibration is generated under free motion, but the amplitude is
very small. On the other hand, 30 Hz combined with 60 Hz
vibration are generated during cutting motion, and these am-
plitudes are sufficiently large.

The free-motion vibration frequency remains 15 Hz when
the angular velocity is 900 rpm. 30 Hz is the dominant fre-
quency during all drilling states; this is because the drill head
has two cutting blades. 60 Hz is the second most dominant
frequency. However, the amplitude is about one fifth that of
the 30 Hz mode. The amplitude of the 90 Hz mode is too
small to be recognized from the noise. Therefore, we can
choose 30 Hz and 60 Hz as dominant frequency.

2.5 Window Function A discrete Fourier transform
(DFT) is a general definition for complex inputs and outputs.
The analysis is usually done by applying a window function.
Figure 6 shows several kinds of window function, includ-
ing rectangular, Hanning, Hamming, and Kaiser windows.
THe rectangular window is the simplest window, given by
Eq. (11):

It is equivalent to replacing all but N values of a data se-
quence with zeros. It has a property by which the waveform
suddenly appears to turn on and off, creating a high folding
noise.

The Hanning window is typically used as a window func-
tion in digital signal processing to select a subset of a series
of samples, as shown by Eq. (12). There is almost no folding
noise using a Hanning window.

2
w(n) = 0.5 — 0.5 cos —
N

EMAEREENEEL IR (12)
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Figure 6(b) shows the amplitude of the window function. The
ideal response is for all values to be 0. From Fig. 6(b), the
Hanning window has the lowest error.

3. Results

In this section calibration and experimental simulation will
be described. First, the experimental results are shown to
identify the parameter in the equation of the cutting force as
well as the CT number. Next, experimental results are pre-
sented to confirm the validity of the proposal.

The material properties of bones obtained by standard
(e.g., tensile) testing method are highly inaccurate for the
ranges of strains o (> 1) encountered during bone drilling *>.
Similarly, the effective friction conditions between the chip
and the drill bit (rake face) are not well known. For these
reasons, a mechanistic approach is used here to model the
bone-drilling process, whereby the amplitudes of each dom-
inant frequency mode, f,, are taken into account empirically
through calibration tests. The dependence of the amplitude
of the cutting vibration can be represented effectively via a
dB scale using the feed velocity and CT number as parame-
ters. The dB-scale relationship can be expressed as a linear
equation in the logarithmic domain given by Eq. (13):

log F = byo +log(1 + K, %) + nlog Cpyevvvvvvv-

where F is Ap and B, X and C7, are the feed velocity and CT
number, respectively, and the b terms are calibration coeffi-
cients. An attractive aspect of this dB-scale model is that it
requires only a small number of tests to determine the calibra-
tion coefficients. The calibration parameters are valid within
the ranges used in the calibration experiments. Different drill-
bit geometries and drilling conditions can be accommodated
using the same calibration data. The use of carbide drill bits
instead of stainless steel drill bits would result in somewhat
different calibration values; however, the calibration proce-
dure would remain the same. Similarly, the calibration values
would change if different objects were to be considered. Fig-
ure 7 and Fig. 8 show the amplitudes of Ay and of |B3| and,
|Beol, respectively.

3.1 Calibration Results Under Experiments at Vari-
ous Velocities ~ An experiment was conducted in which the
slave robot was used to cut pine wood in cutting the same CT
number area. The feed velocity was ranged form 0.1 mm/s
to 0.5 mm/s. Data were collected for cutting depths between
1 mm and 8 mm. In this experiment, the CT number was a
constant parameter. Therefore, b,y + nlog C}. could be con-
sidered as a constant parameter b;, and Eq. (13) could be cal-
culated as Eq. (14). When K, x is nearly zero, Eq. (14) can be
approximated as Eq. (15):

log F = b;l F10G(1 + KX)o oevvvrrreeenneeeeens (14)
;. Ko
~ b+ ™ IOX' ........................... (15)

Figure 9 shows the relationship between A, and X; Fig. 10
shows the relationship between |Bsg|, |Bgo| and x. Table 2
shows the parameter-calibration results for the experiments
under various velocities. Figure 9 indicates that there is al-
most no correlation between the feed velocity and the ampli-
tude of the dominant frequency mode, because the parame-
ters K, are approximately equal to 0. Therefore, K, is set to
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Table 2. Results for velocity calibration

Caption Value error (%)
Ao b}, 0.41 2.1
K. 0.25 8.5
Bsg b, -0.70 7.2
K. 0
Bgo b, -1.3 9.6
K, 0

0 in this system.

3.2 Calibration Results Under a Constant-velocity
Experiment An experiment was conducted using the
slave robot to cut pine wood with a constant feed velocity
(0.4 mm/s). The experiment was conducted five times. The
data were recoded for cutting depths between was 1 to 8§ mm.

In this experiment, the velocity was a constant parameter.
Hence, b, + log(1 + K,x) could be considered as a constant
parameter b, and Eq. (13) could be calculate as Eq. (16):

log Ay = b;l’ F1og Clhyrvererrren e (16)
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Table 3. Results of CT calibration
Caption Value error (%)
Ao 24 -1.30 3.75
bno -1.35 -
n 0.77 2.35
B3y bno 3.92 2.68
n -1.91 2.05
Bgo bno 1.72 7.87
n -1.29 3.90

Fig. 13.

Master robot

where b,y can be obtained by Eq. (17):

With the results from last section, Eq. (13) for |B3g| and
|Bgo| can be written as Eq. (18).

log Bn = bnO + nlog C} ........................

Figure 11 shows the relationship between A and C7., Fig. 12
shows the relationship between B,, and C’., and Table 3 shows
the parameter-calibration results for the constant-velocity ex-
periment.

3.3 Experiment In this section, the experiments con-
ducted in this paper are described and the validity of the pro-
posal is confirmed.

3.4 Experimental Setup The master robot of the ex-
perimental system is illustrated in Fig. 13. This robot consists
of a linear motor. RFOB was implemented on the linear mo-
tor to estimate the applied external force . The coulomb
friction force was found to be 1.0N by a pre-experimental
observation. The parameters for the linear motor are listed in
Table 4.
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Table 4. Parameters of linear motor

Parameters Description Values
M, Nominal mass of Master 0.5kg
M, Nominal mass of Slave 1.2kg

K; Nominal thrust constant 33N/A
Ky, Ky, Ky Feedtback gain 6400, 160, 1.2
ga Gain of DOB 1000 rad/s
gr Gain of RFOB 1000 rad/s
- Resolution of linear encoder 0.1 ym
6

— Real Cutting Force
— Reproduced Force at the Same Speed
Reproduced Force at Twice the Speed

0 5 10
x [mm]

Fig. 14. Comparison with real cutting

3.5 Experimental Result An experiment was con-
ducted to confirm the validity of the proposed method. The
environment was a 10 mm-thick pine wood sample as porous
as cortical bone and as dense as trabecular bone.

Figure 14 shows a comparison between the cutting-force
reproduction and the real cutting. The real cutting force was
obtained by cutting the environment using a bilateral con-
trol. The cutting force can be written as Eq. (19), based on
the results of the previous chapter. The reproduced cutting
force was simulated from Eq. (19) using the same CT num-
ber value:

F™ = 5,(Ao(Cr, X) + B3o(Cr)sin(27301)

+ Beo(Cr)SIN2AO01)); « v vvverrmeeeenen (19)
Ao(Cr, %) = 107" BCPTT (1 +0.255); - vvvvvee (20)
B(Cr) = 103-92c’T—1~91; ....................... 1)
Beo(Cr) = 101~7zc'T-1-29_ ....................... (22)

In the practical use, the dental student will carry out various
motions. Therefore the reproduced force will be different ev-
ery time depending their cutting velocity. In this experiment,
the reproduced force is force reference to the force controller
and the velocity is simulated as same as real cutting for com-
paring the error. The reproduced force at twice the speed is
also shown in the graph. The result shows that the reproduc-
tion achieved the same force response as the real cutting.

The average in absolute value of the error is 0.72N. It is
large because the amplitude of the cutting vibration is around
0.47N and it makes the absolute error large. On the other
hand, the average in the error is 0.15N. It is only 3.5% of
average value in real cutting force. It is smaller than the ac-
curacy of 5% in the cone-beam CT ®®. And the usefulness of
the proposed method was confirmed.

4. Conclusion

In this paper, a method for simulating the cutting-force re-
sponse was proposed using a robotic drilling system for im-
plant surgery. This system allows dental students to learn and
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practice procedures such as cutting the jaw bone. The pro-
posed method is based on modeling the equation of cutting
force and CT number using the relationship between each pa-
rameter and the density of the cutting material. The param-
eters of the pine wood mentioned in Misch’s bone-density
classification scheme were identified using the model of the
cutting force from a constant-velocity experiment. The valid-
ity of the proposal was thus confirmed experimentally.

The proposed method can be also used for real time CT
number estimation using (25) when tactile teleoperation us-
ing bilateral control, where LPF(s) is low pass filter:

LPE(5)F™ = 5,A0(Cp,X) ++vvvvvvrrrenseonneons (23)
= $5:Du0Cy (1 + KX) vvvvenvennenn (24)
1
, LPFE(s)F"™* \*
= =2 ) 2
r (s,bno(l +Kgx)) (25)

As a future work, this model will be implemented to im-
plant surgery-supporting robot shown in Fig. 15. This robot
is designed for position and angle adjustment using poten-
tial field ®. By combing bilateral control, this robot can also
achieve real-time CT number estimation and automatic stop
system.
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