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A New Surgical Drill Instrument
With Force Sensing and Force
Feedback for Robotically
Assisted Otologic Surgery
Drilling through bone is a common task during otologic procedures. Currently, the dril-
ling tool is manually held by the surgeon. A robotically assisted surgical drill with force
sensing for otologic surgery was developed, and the feasibility of using the da Vinci
research kit to hold the drill and provide force feedback for temporal bone drilling was
demonstrated in this paper. To accomplish intuitive motion and force feedback, the kine-
matics and coupling matrices of the slave manipulator were analyzed and a suitable map-
ping was implemented. Several experiments were completed including trajectory
tracking, drill instrument calibration, and temporal bone drilling with force feedback.
The results showed that good trajectory tracking performance and minor calibration
errors were achieved. In addition, temporal bone drilling could be successfully per-
formed and force feedback from the drill instrument could be felt at the master manipula-
tor. In the future, it may be feasible to use master–slave surgical robotic systems for
temporal bone drilling. [DOI: 10.1115/1.4036490]

Keywords: surgical drill instrument, da Vinci research kit, kinematics, force feedback,
master–slave control

1 Introduction

Drilling of bone is required in many surgical disciplines such
as orthopedic surgery, ear surgery, maxillofacial surgery, and neu-
rosurgery [1]. The critical anatomy within the middle ear, inner
ear, and skull base can be accessed by drilling within the temporal
bone for commonly performed ontological procedures including
acoustic neuroma resection, mastoidectomy, and cochlear implan-
tation, which require high precision and accuracy. As such, the
surrounding anatomy and the depth need to be taken into consid-
eration during these procedures. Otherwise, nearby structures sur-
rounding the bone such as veins, arteries, nerves, brain tissue, and
spinal cord, may be damaged and cause permanent harm to the
patient [2]. Currently, drilling is done using hand-held electric or
pneumatic drilling tools. The surgeon controls the speed of the
drill by using a pedal or button and manually applies force to the
bone to remove material.

One major shortcoming of these hand-held drilling tools is that
the surgeon often cannot reliably determine when the proper
amount of material has been removed or the desired depth is
reached. Due to the inertia of the drilling force, when a break-
through occurs, the drill bit can be unintentionally pushed further
along the drilling axis. In addition, hand physiological tremor of
the surgeon may also cause lower accuracy. Therefore, the
drilling procedure mainly depends on the surgeon’s experience
and intuition.

To correct these issues, some researchers have investigated
techniques to improve the art of surgical drilling. Some methods
focused on depth control and breakthrough detection schemes
have been presented [3–11]. To obtain higher precision and accu-
racy, some robotic devices and systems of different dimensions,
complexity, and cost were developed. The Microtable was pro-
posed to accurately guide a drill along a desired straight line tra-
jectory, using a microstereotactic frame attached to bone anchors
implanted in the patient’s skull [12–15]. A bone-attached parallel
kinematic mechanism mounted on a rigid preposition frame was
developed to accurately guide the trajectory [16]. A microstereo-
tactic frame as a tool guide was also investigated, which can be
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adjusted by a robot [17]. A passive Stewart–Gough platform used
as a drill guide in minimally invasive cochlear implantation was
proposed. The mechanism can be coupled to bone anchors with
spherical heads implanted in a patient’s skull [18,19]. A new
mechatronic bone drilling tool named DRIBON was developed,
which can automatically perform the bone drilling process and
efficiently stop when a breakthrough or a layer transition occurs
[20]. An automatic drill guide was developed, which could fit
within a current minimally invasive cochlear implant surgical sys-
tem and also provide a method for measuring temperature rise at
the facial nerve [21].

A robotic system for lateral skull based surgery was developed
based on a table-mounted robotic arm and a force/torque (F/T)
sensor [22], which integrated an optical tracking system, an
image-guidance system, a head fixation system, and a touch
screen interface. The results showed that the system was promis-
ing, however, it depended on the tracking system and the errors
related to monitoring and aligning the patient with the robot. To
eliminate this limitation, a compact, bone-attached, and computed
tomography (CT) image-guided robot was developed for temporal
bone milling, which was attached to the patient by three titanium
spheres on a preposition frame [23]. Phantom results showed that
the system was accurate and there was no overlap between
the experimentally removed volume and the critical structures. A
Mitsubishi RV-3S industrial robot with an infrared tracking sys-
tem and bone-implanted markers was used for autonomous percu-
taneous placement of a cochlear implant in a cadaveric model
[24]. Results showed that the system was accurate and reliable,
however, its performance relied on the registration accuracy level.
A telerobotic system was developed, which included a Phantom
Omni (SensAble Technologies, Inc., Cambridge, MA) master
robot and a cable transmission mechanism slave robot [25]. The
prototype was tested in human temporal bone specimens. The
results showed that otologists could successfully place the piston
prosthesis in the stapedotomy in both velocity/position and posi-
tion/position command modes. A compact, bone-attached robot
with four degrees-of-freedom (DOFs) was used for the mastoidec-
tomy portion of the surgery. The target volume to be removed can
be manually identified by the surgeon pre-operatively in a CT
scan and converted to a milling path for the robot [26]. A com-
plete review of hand-held manipulators was done, and the emerg-
ing technical trends in hand-held medical robots and future
development opportunities for promoting their wider clinical
uptake are presented in Ref. [27].

A cadaveric feasibility study was performed using the da Vinci
system for cochlear implantation [28]. An attachment was
developed to attach a powered drill to one of the arms, and an aug-
mented reality capability was incorporated into the surgeon’s
view, through segmentation of cone-beam high-resolution CT
scans of the temporal bones. Surgery was completed successfully
in two bones. However, three limitations were reported. First, as
existing devices used in the procedure such as the suction irrigator
are too large, a smaller profile-articulating suction-irrigation
device for navigation in the facial recess is necessary. Second,
it was found necessary to improve the magnification of the 3D
endoscope for improved visualization through the posterior tym-
panostomy. Third, to adequately define the accuracy, precision,
and feasibility of the system, more cadaveric specimens need to
be completed by this approach. In addition, there was no force
feedback.

Compared to hand-held instruments or robots, master–slave
robots or cooperative robots can possibly achieve better accuracy
and precision. Master–slave surgical robotic systems like the da
Vinci surgical system have the advantages of 3D surgical vision,
motion scaling, fine motion, hand–eye coordination, and hand
tremor reduction, which has achieved significant development in
recent years and has been applied in many surgical procedures,
such as urologic surgery, general laparoscopic surgery, gyneco-
logic laparoscopic surgery, and cardiac surgery [29,30]. In this
paper, the research based on the da Vinci research kit (dVRK)

donated by Intuitive Surgical, Inc., (Sunnyvale, CA) was per-
formed to investigate the feasibility of using a master–slave surgi-
cal robotic system to accomplish surgical drilling with force
sensing and force feedback for otology procedures.

2 Design of the Surgical Drill Instrument

To adapt to the sterile adapter of patient side manipulators
(PSMs), a 3DOF tendon-driven surgical drill instrument was
designed on the basis of a da Vinci surgical instrument, which
integrated a Nano43 F/T sensor produced by ATI Industrial Auto-
mation (Apex, NC) and a Hall Osteon drill produced by Linvatec
Corporation (Albany, NY), which is shown in Fig. 1. Except for
self-roll motion about the axis of the surgical drill, the surgical
drill instrument can provide 3DOF motion including pitch, yaw,
and roll DOFs, and force and torque sensing capability. These
DOFs of the instrument are actuated by a tendon–pulley system
and DC servo motors. The ranges of the roll motion, the pitch
motion, and the yaw motion are all from �90 deg to 90 deg.

The layout design of the tendon transmission is shown in Fig. 2.
The roll DOF can be provided by the modified Da Vinci instru-
ment. Link 1 and the driven pulley for pitch and link 2 and the
driven pulley for yaw are fitted together, respectively. The tendons
s1 and s2 can drive the driven pulley for pitch to rotate around the
pitch axis, which can accomplish the pitch DOF. The tendons s3

and s4 can drive the driven pulley for yaw to rotate around the
yaw axis, which can accomplish the yaw DOF.

The interface design of the surgical drill with the F/T sensor is
shown in Fig. 3. The sensor support and the mounting adapter

Fig. 1 The 3DOF tendon-driven surgical instrument

Fig. 2 The layout design of the tendon transmission
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plate of the F/T sensor are connected by three screws. The drill
support and the tool adapter plate of the F/T sensor are connected
by three screws. The drill and the drill support are connected by a
set screw. The tube support and the sensor support are fitted
together. The tube support is used to fasten the hose of the Hall
Osteon drill and the electric cable of the F/T sensor, which can
ensure that the measured values of the F/T sensor are not affected
by them.

3 Forward Kinematics and Coupling Matrices

of the PSM1

To accomplish master–slave intuitive motion control,
decoupled control of the surgical drill instrument and F/T infor-
mation transformation, Denavit–Hartenberg (DH) parameters,
kinematics, tooltip-offset transform matrix, and coupling matrices
of the PSM1 are analyzed and provided for the dVRK.

3.1 Forward Kinematics. Frames of the PSM1 are assigned
to each link according to the modified DH convention. Figure 4
shows the coordinate frame assignment of the PSM1 and our sur-
gical drill instrument.

The origins O0;O1, and O2 of coordinate frames 0, 1, and 2 are
located at the remote center of motion (RCM), and the origins O4

and O5 of coordinate frames 4 and 5 and the origins O7 and O8 of
coordinate frames 7 and 8 are coincident, respectively. The coor-
dinate frame 8 is assigned to the control point of the surgical drill
instrument. The coordinate frame of the Nano43 F/T sensor is the

coordinate frame 9. The modified DH parameters of the PSM1 are
given in Table 1.

The forward kinematics of the PSM1 with the surgical drill
instrument can be obtained by

0T8 ¼ 0T1
1T2

2T3
3T4

4T5
5T6

6T7
7T8 (1)

where jTiði ¼ 1; 2;…; 8; j ¼ 0; 1;…; 7Þ is a transformation that
relates frame i to frame j.

The tooltip-offset transform matrix can be obtained by

6T8 ¼ 6T7
7T8 ¼

0 0 1 0

1 0 0 l4
0 1 0 0

0 0 0 1

2
664

3
775 (2)

3.2 Coupling Matrices. The transmission schematic of the
3DOF tendon-driven surgical drill instrument is shown in Fig. 5,
where ri ði ¼ 1; 2;…; 6Þ and rdiskiði ¼ 1; 2; 3Þ are the radii of the
pulleys and the disks, respectively, and hiði ¼ 4; 5; 6Þ and
hdiskiði ¼ 1; 2; 3Þ are the joint angular displacements and the
driven disk angular displacements, respectively.

According to the tendon movement displacement equality, the
relationship between the joint angular displacements and the
driven disk angular displacements can be described as

Ahjoint ¼ Rdiskhdisk (3)

where A¼
r1 0 0

0 r2 0

0 r3 r6

2
4

3
5, hjoint¼

h4

h5

h6

2
4

3
5, Rdisk¼

rdisk1 0 0

0 rdisk2 0

0 0 rdisk3

2
4

3
5,

and hdisk¼
hdisk1

hdisk2

hdisk3

2
4

3
5.

Fig. 3 The interface design of the surgical drill with F/T sensor

Fig. 4 The coordinate frame assignment of the PSM1

Table 1 The modified DH parameters of the PSM1

Frame i ai�1 ai�1 di hi

1 p=2 0 0 h1 þ ðp=2Þ
2 �p=2 0 0 h2 � ðp=2Þ
3 p=2 0 d3 � l2 0
4 0 0 l1 h4 � ðp=2Þ
5 �p=2 0 0 h5 � ðp=2Þ
6 �p=2 l3 0 h6 � ðp=2Þ
7 �p=2 0 l4 p=2
8 p=2 0 0 p=2
9 p 0 l5 p

Note: hiði ¼ 1; 2; 4; 5; 6Þ and d3 are the corresponding joint variables.

Fig. 5 The transmission schematic of the 3DOF tendon-driven
surgical drill instrument
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Using Eq. (3) and considering the work done on the rotating
joint, the position coupling matrices Mj2dp from the joint to the
disk and Md2jp from the disk to the joint and the torque coupling
matrices Md2jt from the disk to the joint and Mj2dt from the joint
to the disk can be obtained as

Mj2dp ¼MT
d2jt ¼

r1

rdisk1

0 0

0
r2

rdisk2

0

0
r3

rdisk3

r6

rdisk3

2
6666664

3
7777775
;

Md2jp ¼MT
j2dt ¼

rdisk1

r1

0 0

0
rdisk2

r2

0

0 � rdisk2r3

r2r6

rdisk3

r6

2
6666664

3
7777775

(4)

4 Master–Slave Motion and Force Feedback Control

The master–slave surgical drill robotic system based on the
dVRK is shown in Fig. 6, which includes the first generation da
Vinci surgical robot system, control system that was developed by
Johns Hopkins University, Baltimore, MD and Worcester Poly-
technic Institute, Worcester, MA [31,32], and the designed surgi-
cal drill instrument.

The current master–slave motion and force feedback control
structure is shown in Fig. 7. The positions (rotation/translation)
calculated by kinematics from the master tool manipulator right
(MTMR) manipulated by a human operator are sent to the PSM1
through the mapping transformation and the position scaling
factor Kp. The environment forces measured by the Nano43 F/T
sensor installed at the surgical drill instrument of the PSM1 are
fed back to the MTMR through the force and torque transforma-
tion and the force scaling factor Kf . Force feedback can be

implemented by the joint torques obtained by using the environ-
ment force and transpose of the Jacobian matrix of the MTMR.
The PSM1 uses a local proportional–integral–derivative (PID)
controller for each joint to ensure position/velocity tracking.

4.1 The Master–Slave Motion Control. Motion scaling
allows a large MTMR motion to correspond to a small PSM1
motion and can make the PSM1 steady even under jerky MTMR
movements. To accomplish intuitive motion control, the visual
image of the control point motion of the PSM1 on the monitor
must be aligned with the motion of the MTMR operated by the
surgeon.

The required rotation matrix can be expressed as

PSM1base RMTMRbase
¼ PSM1base Rworld

worldRECMbase

ECMbase RECMtcpE

� ECMtcpE Rmonitor
monitorRMTMRbase

(5)

where MTMRbase, PSM1base, ECMbase, monitor, ECMtcpE, and
world are the base coordinate frame of the MTMR, the base
coordinate frame of the PSM1, the base coordinate frame of the
endoscopic camera manipulator (ECM), the monitor coordinate
frame, the control point coordinate frame of the ECM, and the
world coordinate frame, respectively.

It can be seen from Eq. (5), the rotation matrix only changes
when the ECM is moved, because PSM1base Rworld and
monitorRMTMRbase

are between fixed frames. When the master and
slave base coordinate frames are only considered, the rotation
matrix can be calculated as

PSM1base RMTMRbase
¼ PSM1base Rworld

worldRMTMRbase
¼
�1 0 0

0 �1 0

0 0 1

2
4

3
5

(6)

The position and the orientation of the MTMR are transformed
into the base coordinate frame of the PSM1, which can be
described as

PSM1base TMTMRtcp

¼
PSM1base RMTMRbase

0

0 1

" #
MTMRbase TMTMRtcp

¼
PSM1base RMTMRbase

0

0 1

" #
MTMRbase RMTMRtcp

Kp � ½Dx Dy Dz �T

0 1

" #

(7)

The desired tool control point of the PSM1 in its base coordi-
nate frame can be described as

PSM1base TPSM1tcpðdesiredÞðiÞ

¼ g
�

PSM1base TPSM1tcp
ði� 1Þ; PSM1base TMTMRtcp

ðiÞ; coupleðiÞ
�
(8)

Fig. 6 The master–slave surgical drill robotic system based on
the dVRK

Fig. 7 The master–slave motion and force feedback control structure
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where gð�Þ is a function of PSM1base TPSM1tcp
ði� 1Þ,

PSM1base TMTMRtcp
ðiÞ, and couple(i). The couple(i) is a Boolean

flag that indicates whether or not the MTMR and the PSM1 are
coupled. If the MTMR and the PSM1 are coupled, then cou-
ple(i)¼True; otherwise, couple(i)¼False. i� 1 and i are the
i� 1th and ith time steps.

When the PSM1 is coupled to the MTMR, the PSM1 follows
the motion of the MTMR with position scaling factor. The desired
tool control point of the PSM1 PSM1base TPSM1tcpðdesiredÞ is sent to the
inverse kinematics of the PSM1 and transformed into correspond-
ing joint angles.

4.2 The Force/Torque Transformation. The Nano43 F/T
sensor attached to the surgical drill instrument measures not only
the contact force and torque of the environment exerted on the
surgical drill but also the noncontact forces caused by the gravita-
tional and inertial effects as well as linear bias. Therefore, the
force and the torque measured by the F/T sensor can be calculated
as

FS

sS

� �
¼ FE

sE

� �
þ FG

sG

� �
þ FI

sI

� �
þ FO

sO

� �
(9)

where FS and sS are the force and torque measured by the F/T sen-
sor, FE and sE are the force and torque of the environment exerted
on the surgical drill, FG and sG are the force and torque caused by
gravity, FI and sI are the inertial force and torque produced by the
surgical drill dynamics, and FO and sO are the linear force and tor-
que offsets.

The contact force and torque need to be distinguished from the
F/T sensor measurement and the effects of the noncontact force
and torque need to be eliminated. As the PSM1 with the surgical
drill instrument is manipulated at a very low speed, the surgical
drill dynamic effect will be neglected here. When the surgical drill
moves freely in the workspace of the PSM1, Eq. (9) can be
expressed as

FS

sS

� �
¼ FG

sG

� �
þ FO

sO

� �
(10)

The force FG affecting the measurement of the F/T sensor can
be calculated by

FG ¼ mgs ¼ mRðqÞg (11)

where FG ¼ ½Fx Fy Fz �T is the gravity vector, m is the mass

of the surgical drill, g ¼ ½ 0 0 �g �T is the acceleration of grav-
ity vector described in the coordinate frame 0 of the PSM1, and
gs ¼ RðqÞg is the description of gravity vector in the F/T sensor
coordinate frame, where RðqÞ ¼ ½rij�ði; j ¼ 1; 2; 3Þ is the rotation
matrix of the F/T sensor in the coordinate frame 0 of the PSM1.

Similarly, the torque sG affecting measurement of the F/T sen-
sor can be calculated by

sG ¼ mrsdgs ¼ mrsdRðqÞg (12)

where sG ¼ ½ sx sy sz �T is the gravity torque vector, and rsd ¼
½ rx ry rz �T is the vector from the origin O9 of the F/T sensor
to the centroid of the surgical drill.

Combining Eq. (10) with Eqs. (11) and (12) yields

FG

sG

� �
¼ FS

sS

� �
� FO

sO

� �
¼

Fsx

Fsy

Fsz

ssx

ssy

ssz

2
6666664

3
7777775
�

Fox

Foy

Foz

sox

soy

soz

2
6666664

3
7777775

¼ m

1 0 0

0 1 0

0 0 1

0 �rz ry

rz 0 �rx

�ry rx 0

2
6666664

3
7777775

RðqÞg (13)

Equation (13) includes ten unknown parameters: the offset val-
ues of force and torque, the centroid position, and the mass of the
surgical drill. According to Eq. (13), Eqs. (14) and (15) can be
obtained as

YFXF ¼ Fs (14)

where YF ¼
1 0 0 �r13g

0 1 0 �r23g

0 0 1 �r33g

2
4

3
5 and XF ¼ Fox Foy Foz m

� �T
.

YsXs ¼ sS (15)

where Ys ¼
1 0 0 0 �r33mg r23mg

0 1 0 r33mg 0 �r13mg

0 0 1 �r23mg r13mg 0

2
4

3
5 and

Xs ¼ sox soy soz rx ry rz

� �T
.

According to Eq. (9), the force FE and the torque sE of the
environment exerted on the surgical drill instrument can be
obtained as

FE

sE

� �
¼ FS

sS

� �
� FG

sG

� �
� FO

sO

� �
(16)

The force FE and the torque sE exerted on the surgical drill in
the coordinate frame 8 can be described as

Fig. 8 The trajectory tracking responses under two modes: (a) command mode and (b)
master–slave mode
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8F9
8s9

� �
¼

8RT
9 0

�8RT
9 p̂98

8RT
9

" #
FE

sE

� �
(17)

where 8RT
9 ¼

�1 0 0

0 1 0

0 0 �1

2
4

3
5, p̂98 ¼

0 l5 0

�l5 0 0

0 0 0

2
4

3
5, and

p98 ¼
0

0

�l5

2
4

3
5.

4.3 The Implementation of Drilling Force Feedback. The
wrench wPSM1tcp

of the tool control point of the PSM1 is fed back
to the MTMR which generates the same magnitude forces at the
tool control point of the MTMR to accomplish the force feedback.

The wrench transformation MTMRtcp wPSM1tcp
from the control

point of the PSM1 to the control point of the MTMR using the
body wrench can be expressed as

MTMRtcp wPSM1tcp
¼

PSM1tcp RT
MTMRtcp

0

0 PSM1tcp RT
MTMRtcp

2
4

3
5wPSM1tcp

(18)

Given the joint torque s, the desired body wrench applied at the
tool control point of the MTMR can be obtained by

MTMRtcp wPSM1tcp
¼ ðJT

b Þ
þs (19)

where ðJT
b Þ
þ

is the generalized inverse matrix of the body Jaco-
bian transpose matrix of the MTMR.

5 Experiments and Results

Several experiments were completed to verify the feasibility of
using the newly developed tool with the da Vinci robotic system.

5.1 The Trajectory Tracking Experiments. To verify the
validity of the PSM1 kinematics, the trajectory tracking experi-
ment under command mode was performed. The actual trajectory
of the PSM1 in Cartesian space was measured by the Certus HD
optical tracking system (Northern Digital, Inc., Waterloo, ON).
Six active markers were used to build a rigid body. The rigid body
was attached to the robot base. Another active marker was
attached to the tip of the tool. The tool tip motion with respect to
robot base can be measured by using the rigid frame and defining
new coordinate frame. The desired command trajectory was
designed and described as

Fig. 9 The trajectory tracking responses and tracking errors: (a) trajectory tracking and (b)
tracking errors
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X ¼ 25 cosðnÞ
Y ¼ 25 sinðnÞ; n 2 ½0; 4p�
Z ¼ 2n

8><
>: (20)

To prove the correctness of the master–slave motion control,
the trajectory tracking experiment under master–slave mode was
performed with master–slave 1:1 scaling factor. An operator held
the MTMR to produce a random space trajectory as the desired
trajectory, and the actual trajectory of the PSM1 in Cartesian
space was measured by the optical tracking system. Figure 8 gives
the trajectory tracking responses under command mode and
master–slave mode.

It can be seen that the actual trajectory perfectly coincides with
the desired trajectory under command mode, which shows that the
kinematics of the PSM1 with the surgical drill instrument and
the tendon transmission schematic are correct, and the tension of
the tendon is fine. The actual trajectory almost coincides with the
desired trajectory under master–slave mode, which shows that the
master–slave motion control is correct.

The master–slave trajectory tracking responses and tracking
errors in three directions of Cartesian space are also shown in
Fig. 9. The maximum absolute value errors and the root mean
square (RMS) errors are given in Table 2.

It can be drawn conclusions from Fig. 9 and Table 2 that the
PSM1 with the surgical drill instrument can achieve a good trajec-
tory tracking performance and an intuitive motion control.

5.2 The Calibration Experiment. According to Eq. (13), to
obtain the mass and centroid of the drill, and force and torque bias

values, the force and torque values and the drill orientation in the
world coordinate frame need to be measured when the drill is in
free space.

Combined with Eqs. (14) and (15), the mass and centroid of the
drill and force and torque bias values can be obtained by applying
singular value decomposition (SVD) and the measured values of
the F/T sensor in different orientations of the surgical drill instru-
ment in the world coordinate frame. Therefore, XF and Xs have
solutions of the form

XF ¼ VFSþF UT
FFs

Xs ¼ VsS
þ
s UT

s ss

(21)

where VF, SF, UF and Vs, Ss, Us are the matrices generated

by solving the SVD of YF and Ys, respectively, and SþF and Sþs
are the pseudo-inverse matrices of the matrices SF and Ss,
respectively.

For calibration, 2600 sampling values were recorded, with val-
ues uniformly distributed throughout the workspace. The first half
of the collected data was utilized to calibrate the mass and cent-
roid of the drill and force and torque offset. The second half of the
collected data was utilized to evaluate the force and torque cali-
bration results. The calibration results of the mass and centroid of
the drill and force and torque offset are given in Table 3.

The force and torque calibration errors after the gravity and
force/torque offsets compensation are shown in Fig. 10. Table 4
gives the median and maximum errors of the forces and torques.

It can be known from Fig. 10 and Table 4 that the force and
torque calibration errors after gravity and force/torque offsets

Table 3 The calibration results

m (kg) rx (m) ry (m) rz (m) Fox (N) Foy (N) Foz (N) sox (N�m) soy (N�m) soz (N�m)

0.0876 0.0010 0.0023 �0.0102 �1.1453 0.5073 �0.7198 0.0029 0.0187 0.0034

Table 2 Trajectory tracking errors of the PSM1

X (mm) Y (mm) Z (mm) Space (mm)

RMS 0.1008 0.1482 0.1055 0.2080
MAX 0.3320 0.4084 0.3696 0.4441

Fig. 10 The calibration errors: (a) force errors and (b) torque errors

Table 4 The median and maximum errors of the forces and
torques

Fx (N) Fy (N) Fz (N) sx (N�m) sy (N�m) sz (N�m)

Median �0.0378 0.0719 �0.0619 0.0009 �0.0011 0.0008
Maximum 0.1143 0.2635 �0.1691 0.0028 �0.0024 0.0013
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compensation are minor, which can meet the drilling force feed-
back requirement.

5.3 The Drilling Experiment With Force Feedback. An
experimental setup has been developed to perform a drilling
experiment with force feedback, as shown in Fig. 6. PHACON
temporal bone model was used. The force and the torque between

the tip of the burr surgical drill and the bone were measured by
the F/T sensor. The force and the torque, transformed and com-
pensated into the control point coordinate frame of the PSM1, was
fed back to the MTMR as the body wrench and transformed into
joint torque commands at the MTMR. The master–slave force
transformation has been verified through each direction in Carte-
sian space before the drilling experiment is carried out. Reaming

Fig. 11 The process of the reaming: (a) start, (b) feed, (c) back, and (d) end

Fig. 12 The force and torque tracking responses of the MTMR: (a) force tracking and (b) tor-
que tracking
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of the skull model using the drill instrument was implemented
under master–slave mode with a motion scale factor of 5:1 and a
force scale factor of 1:1. The process of the reaming is shown in
Fig. 11.

The force and torque tracking responses of the MTMR are
shown in Fig. 12. The actual force and torque are obtained using
the actual joint torques and the force Jacobian matrix. Table 5
gives the RMS errors of force and torque tracking of the MTMR.

Figures 11 and 12 and Table 5 showed that the reaming task
with force feedback could be successfully completed and the
MTMR could provide accurate force and torque tracking perform-
ance, which further showed that force transformation was correct.

6 Conclusions

To investigate the feasibility of using a master–slave surgical
robotic system to accomplish surgical drilling for otolarngology
procedures, a modified da Vinci surgical instrument with force
sensing has been developed. The forward kinematics of the PSM1
was analyzed using the modified DH convention. The tooltip-
offset transform matrix was obtained by homogenous transforma-
tion matrices. The position and the torque coupling matrices
between joints and disks of the tendon-driven surgical drill instru-
ment were also derived. The control structure with force feedback
based on the dVRK was implemented. The master–slave rotation
matrix was derived. To eliminate noncontact force and torque
caused by the gravitational and inertial effects, etc., the force
and torque transformation matrix was derived. Force and torque
transformation from the sensor coordinate frame to the control
point coordinate frame was performed to obtain force and
torque information of the control point. The force feedback was
accomplished.

The trajectory tracking experiments, the calibration experiment,
and the drilling experiment with force feedback have been
designed and implemented. The results of the trajectory tracking
experiments showed that the kinematics of the PSM1 and
master–slave motion control were correct, and master–slave tra-
jectory tracking had a good tracking performance. The mass and
centroid of the drill and force and torque bias values were
obtained by the measured values of the F/T sensor and the orienta-
tion of the surgical drill instrument in the world coordinate frame.
The calibration results were evaluated and showed that the force
and torque calibration errors after gravity and F/T offsets compen-
sation were minor, which could meet the drilling force feedback
requirement. The result of the drill experiment with force feed-
back showed that the drilling task with force feedback could be
successfully achieved and there was excellent force and torque
tracking performance at the MTMR side.

In conclusion, though our work showed the feasibility of the
approach, additional work including evaluating drill performance
under different operators and different bones should be done. In
addition, the stability and the transparency under force feedback
need to be further studied. The mechanical system could also be
improved by using a lower weight electric drill. With these addi-
tions, a master–slave surgical robot system might be available for
bone drilling in the future.
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