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Endoscopic Spine Surgery Robot
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Abstract— Remote Center of Motion (RCM) mechanism is
widely used in surgical robots for Minimally Invasive Surgery
(MIS). For endoscopic spine surgery, the surgical robot requires
RCM mechanism with sufficient stiffness and compact end
effector to manipulate hard tissues while avoiding interference
with other instruments. This paper presents a modified belt-
driven RCM mechanism designed to meet these specific re-
quirements of the endoscopic spine surgery. Gearboxes were
incorporated to the belt-driven Remote Center of Motion
(RCM) mechanism to reduce belt tension and resulting elastic
deformation, while the RCM constraint is maintained through
a specific relationship between gearbox reduction ratios. The
prismatic joint for instrument insertion is relocated to the base
to reduce the size of the end effector. Prototype of a surgical
robot with the presented RCM mechanism achieved an RCM
point accuracy of 0.56 mm, repeatability of 0.019 mm, and
stiffness of 11.676, 12.435, and 5.341 N/mm in the X, Y, and
Z directions, respectively. Feasibility of the robot was validated
through simulated BESS on a spine phantom.

I. INTRODUCTION

In minimally invasive surgery (MIS), the motion of surgi-
cal instruments is characterized by a 4 degrees of freedom
(DoF) motion constrained at the minimal incision point on
the patient’s body. These 4 DoFs consist of two rotational
DoFs around the incision, one translational DoF for inserting
the instrument through the incision, and one rotational DoF
around the instrument shaft. Surgical robots for MIS must
implement such constrained motion either through mecha-
nism [1] or via robot motion control [2]. Consequently, the
Remote Center of Motion (RCM) mechanism, a mechanism
that generates constrained rotational motion around a fulcrum
point (RCM point) located outside the mechanism’s body,
has been widely adopted in surgical robots [1]. Various types
of RCM mechanisms - including double parallelogram [3],
[4], [5], belt or cable driven [6], [7], [8], spherical linkage
[9], and circular guide [10], [11] - have been designed and
applied to surgical robots across various specialties such as
laparoscopic surgery [12], eye surgery [13], interventional
radiology [14] and bone surgery [11], [15].

Biportal Endoscopic Spine Surgery (BESS) is a minimally
invasive surgical procedure used to treat spinal stenosis [16].
During BESS, surgeon makes two small incisions on the
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Fig. 1.
and motion of the instruments. b) RCM mechanism of the BESS robot
implementing the instrument motion.

a) Illustration of Biportal Endoscopic Spine Surgery (BESS)

patient’s back. Then, an arthroscope is inserted through one
incision, while surgical instruments such as punches and
burrs are inserted through the other, as shown in Fig. 1a. The
surgeon manipulates the arthroscope and the instruments to
remove bones, ligaments and herniated disc to decompress
the spinal cord.

Thus, a surgical robot for BESS should have a RCM
mechanism to manipulate the instruments inserted through
small incisions, similar to robots for laparoscopic surgery.
However, unlike laparoscopic surgery robots, which primar-
ily interact with soft tissues, a BESS robot must manipulate
stiff tissues such as tendons and bones, resulting in higher
contact forces. Therefore, the robot must possess sufficient
stiffness to withstand these forces without significant defor-
mation.

Also, during BESS, an X-ray fluoroscope is positioned
over patient to provide intraoperative imaging. Therefore,
the robot’s end effector must be compact enough to avoid
interference with the overhanging fluoroscope, as well as
other instruments sharing the surgical field.

To date, most robots developed for spine surgery have been
shared-control systems designed to assist with pedicle screw
placement during spinal fusion [17], [18], [19]. Only a few
studies have investigated the use of the teleoperated da Vinci
robot—originally developed for laparoscopic surgery—in
anterior lumbar interbody fusion (ALIF) or arthroscopic
procedures [20], [21]. However, teleoperated surgical robots
specifically dedicated to endoscopic spine surgery or other
arthroscopic procedures have not yet been commercialized
[22], [23].

As a first step towards a teleoperated surgical robot tailored
for spine surgery, this paper presents the development of an
RCM mechanism of a teleoperated surgical robot for BESS.
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Fig. 2. a) Principle of the belt parallelogram. b) Double parallelogram RCM
mechanism. c,d) Belt-driven RCM mechanism formed by replacing the 4
bar parallelogram ABCD and EF GD with the belt parallelogram formed by
link 1-2-3 and link 2-3-4, respectively

To meet the aforementioned requirements of the robot —
sufficient stiffness and a compact end effector — two design
modifications were made to a belt-driven RCM mechanism
commonly used in surgical robots. The details of these design
modifications and the evaluation of the robot incorporating
the developed RCM mechanism are provided in the following
sections.

II. DESIGN

Among the various types of the RCM mechanisms, the
belt-driven RCM mechanism offers several advantages over
other types, including a reduced number of links and joints,
smaller size, unrestricted rotations about the RCM point,
and elimination of singular points [6]. As a result, it is
one of the most commonly employed RCM mechanism in
surgical robots for MIS, as exemplified by its use in several
commercial laparoscopic surgery robots such as daVinci
(Intuitive Surgical, USA), Revo-i (Meere Company, Korea)
and Hugo (Medtronic, USA).

Fig. 2 shows the structure and principles of the typical
belt-driven RCM mechanism. The core component of the
mechanism is the belt parallelogram shown in Fig. 2a. The
belt parallelogram consists of three links, reference, driving
and follower links, serially connected by two revolute joints.
Pulleys are installed at each joint, fixed to the reference
and the follower links, respectively. The belt connecting the
two pulleys couples the rotation of the driving link and the
follower link, constraining the orientation of the follower link
such that it remains constant with respect to the reference
link throughout the rotation of the driving link.

The belt-driven RCM mechanism is constructed by re-
placing one or both four-bar parallelogram of the double
parallelogram RCM mechanism with ’belt parallelograms’,
as shown in Fig. 2b-d. The mechanism generates two rota-
tional motions of the output link (link GF) about the RCM

e : Reference Link
@ : Driving Link
@ : Follower Link

: Belt
: Gearbox 1
: Gearbox 2
: Gearbox 3

moo !

Fig. 3. a) Static analysis of belt parallelogram b) Modifications to the belt
parallelogram to increase the stiffness. Input-output of the gearbox 1 and 2
are pulley A-driving link and pulley B-output link, respectively. ¢,d) RCM
mechanism using c¢) one and d) two modified belt parallelograms.

point. For the BESS robot, this belt-driven RCM mechanism
is modified to enhance stiffness and reduce the size of the
end effector at the output link, as explained in the following
section.

A. Design modifications 1 : Enhancing Stiffness

Fig. 3a shows the static analysis of the belt parallelogram
used in current belt-driven RCM mechanisms. When load F
is applied to the end of the follower link of length L, joint
torque T = FL is directly transmitted to the pulley B with
radius r. This joint torque is balanced by the difference of
the belt tension

FL

r

AT €))
across the pulley B, generated by the increase of the tension
by AT /2 on one side of the belt and the decrease of the
tension by the same amount on the other side. As a result,
the belt with spring constant k stretches on one side by
Al = Az—{ and shrinks by same amount —A/ on the other. This
deformation of the belt allows the pulley B and the follower
link connected to it to rotate freely by angle
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at the end of the follower link.

This analysis shows that in current belt-driven RCM
mechanisms, the external forces and torques applied to the
follower link are directly transferred to and balanced by the
tension of the belt, and the deformation of theses belts under
tension leads to the displacement. It also shows that the
stiffness of the mechanism can be increased by using larger
pulley, or by increasing the stiffness of the belt, which will
increase the size of the mechanism or require use of special
metal belts as in [12]. The stiffness of the belt-driven RCM
mechanism is fundamentally limited by the stiffness of the
belt. As a result, the use of belt-driven RCM mechanisms has
been limited to the surgical robots for laparoscopic surgery
manipulating soft tissues, and alternative RCM mechanisms
have been chosen for applications requiring higher stiffness
for manipulating hard tissues [11], [15].

In the modified belt-driven RCM mechanism presented in
this paper, instead of directly connecting the pulleys to the
links, the gearboxes are installed between the pulleys and
the links to reduce the joint torques and tensions transmitted
to the belts and resulting deformations. Fig. 3b shows the
structure of the belt parallelogram of the modified RCM
mechanism. Pulleys A and B are connected to the driving
link and the follower link through the gearbox 1 and 2 with
reduction ratio Ni and N,, respectively, and two pulleys are
connected by a belt. When the joint torque 7 = FL applied
to the follower link, the gearbox 2 reduces it by 1/N, and
transmits it to the pulley B. Thus the tension difference across
the belt and the resulting displacement of the follower link
is also reduced by the same amount,

FL
AT = — 4)
NQV
LAT  FIL?
AN=——=— 5
kr Nokr? )
which leads to the increased stiffness of the belt parallelo-

gram by N,.

However, in this modified belt parallelogram, special rela-
tionship between the reduction ratios of the gearboxes must
be satisfied in order to ensure that the orientation of the
follower link remains constant throughout the rotation of the
driving link. As shown in Fig. 3b, when pulley A is rotated
by 6, driving link will rotate by

(04] ZG/Nl (6)

This rotation of the driving link respect to the pulley A
by o generates the rotation of the belt and pulley B by
—a; = —0/N,. simultaneously, the rotation of pulley A is
transmitted to the pulley B through the belt and rotates the
pulley B by 0. Thus, the net rotation of the pulley B is

0 — 6 /Ny, which is reduced by N, and rotates the follower
link by

0 =(0—6/N;)/N, @)

If the reduction ratio of the gearboxes are selected such that
Ny =—(Ni—1) ®)

then a; = —ap and the orientation of the follower link

remains unchanged.

This modified belt parallelogram with increased stiffness
can be combined with a double parallelogram or another
modified belt parallelogram to form a RCM mechanism
as shown in Fig. 3c and d. When combining two belt
parallelograms as illustrated in Fig. 3d, the reduction ratios of
the two gearboxes of the second belt parallelogram, gearbox
2 and 3, must also satisfy (8). Thus, the reduction ratio N3
of the third gearbox would be

N3=—(N—1)=—=(=(M—-1)-1) =N, 9)

The relationship between the reduction ratios of the gear-
boxes specified in (8) can be easily achieved using two
identical harmonic drives with a reduction ratio R, arranged
in different input and output configuration. For both gear-
boxes 1 and 2, pulley is connected to the wave generator
of the harmonic drive. In gearbox 1, the circular spline of
the harmonic drive is fixed and the driving link is connected
to the flexible spline of the harmonic drive. Then, the input
rotation of the pulley is transmitted to the output rotation
of the driving link, reduced by N; = —R. In gearbox 2, the
flexible spline fixed and the follower link is connected to the
circular spline. In this configuration, the input rotation of the
pulley is transmitted to the output rotation of the follower
link, reduced by N> = (R+1) = —(N; — 1), satisfying the
constraints in (8).

B. Design modifications 2 : Compact end effector

In surgical robots for MIS, a prismatic joint that provides
an additional DoF for instrument insertion is typically in-
stalled at the output link of the RCM mechanism, as shown
in Fig. 4a. The linear guide and actuators of the prismatic
joint increase the size and inertia of the robot’s end effector.
In BESS, such large end effector with a prismatic joint may
limit the robot’s motion and hinder the use of intraoperative
X-ray imaging, as observed in previous research using the
daVinci robot for similar arthroscopic surgery [21].

In the modified belt-driven RCM mechanism presented
in this paper, the prismatic joint for instrument insertion is
moved from the output link to the driving link AB of the
belt parallelogram, as shown in Fig. 4b, to reduce the size
of the end effector and avoid the interference. As a result,
the length of the driving link varies with the motion of the
prismatic joint. Then, to maintain belt connection between
the pulleys at both ends A and B of the driving link despite
the link length change, belts are routed through scissor links
AC and CB that connects the both ends.

The idea of using prismatic joint and scissor links to add
translational DoF in RCM mechanism has been reported in
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(c)
@ : Reference Link @ : Driving Link e : Follower Link
: Prismatic Joint @ : Scissor Links
Fig. 4. a) Typical placement of a prismatic joint at the output link of the

RCM mechanism b) Moving prismatic joints to the driving link ¢) Analysis
of belt rotation during the motion of the prismatic joint

previous literature [13], [24], [4], [5] for double parallel-
ogram RCM mechanisms. However, to apply this idea to
the belt-driven RCM mechanism, it must be assured that the
orientation of the follower link remains constant during the
motion of the prismatic joint, as shown in Fig. 4c. When the
prismatic joint moves, the lower scissor link AC rotates by
A« relative to the pulley A, the upper scissor link CB rotates
by AP relative to the the pulley C, and these rotations are
transferred by the belt to rotate the pulley B and the output
link connected to it BD by —Act —Af. Since o + 1 +7 =
180°, Ay = —Aa — AB. Thus /D'BC = /DBC+ Ay =6+
Yi+Ay=6+%, and /D'BA = /D'BC— 7y, = 6 = /DBA,
which indicates that the orientation of the follower link
remains constant with respect to the reference link during
the translational motion by prismatic joint.

III. IMPLEMENTATION AND EVALUATION

The modified belt-driven RCM mechanism described in
the previous section is applied to the Minimally Invasive
Spine Surgery (MISS) robot, a teleoperated surgical robot

Harmonic Ball
Drive 1

Screw

: Motor 3
Q;.(W:: 777777777777777777777777777777 G Motor 2
;. grmmmmmmmm Motor 1
J2 350 mm Motor 2/3 Bevel Gear
@D Reference Link @D Driving Link @D Follower Link
[ ) Scissor Links Output Link

D Harmonic Drive 1, In : Wave generator / Out : Flex Spline
D Harmonic Drive 2, In: Wave generator / Out : Circular Spline

Fig. 5. a) Kinematic structure of the RCM mechanism in the MISS Robot.
b) Placement of Motor 2/3 and motion transmission on the reference link

for BESS. The following sections explain the structure of the
robot and the evaluation of its RCM motion and stiffness.

A. Kinematic Structure of MISS Robot

The kinematic structure of the RCM mechanism of the
MISS Robot is shown in Fig. 5a. The RCM point is located
350 mm away from the base of the robot. The robot has 3
DoFs. Joint 1 is driven by the motor 1 that rotates the entire
mechanism about the axis passing the RCM point. Joint 2
rotates the driving link through the gearboxes, which leads to
the rotation of the output link about the RCM point through
the parallelogram mechanisms. Harmonic drives with reduc-
tion ratio 100 were used as the gearboxes to increase the
stiffness of the robot as discussed in the previous section,
resulting reduction ratios of -100 and 101 for gearbox 1 and 2
respectively. The pulleys at the inputs of two harmonic drives
are connected with rubber timing belts. Since the harmonic
drives reduce the tensions transmitted to the belts from the
external loads, the robot can benefit from the precision of the
timing belt transmission without compromising its overall
stiffness. The prismatic joint 3 is installed at the driving link
of the mechanism, as discussed in the previous section. To
provide high stiffness in tool insertion degrees of freedom
as well, the prismatic joint is implemented using ball screw
mechanism for its high mechanical advantage.

Fig. 5b shows the placement of the motor 2 and 3 driving
the joint 2 and 3, respectively. To reduce the inertia of the
driving link, motor 3 is installed on the reference link instead
of the driving link, and is connected to the ball screw through
a bevel gearbox. This setup allows the stationary motor 3 to
transmit motion to the ball screw on the driving link, which
rotates relative to the reference link.

The actual prototype of the MISS robot is shown in Fig.
1b. Handpiece with the burr blade is installed as an end
effector of the robot. The range of motion for each joint
is (—45,45)°, (—-10,45)°, and (4110,—110)mm for joint
1,2 and 3, respectively, reflecting the surgical instrument
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a) Experiment setup for measuring the orientation of the follower
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Fig. 7.
Trajectory of the marker and the location of the RCM point

a) Experiment setup for RCM point accuracy measurement 2 b)

movement range in BESS. The supplementary video shows
the motion of the robot’s 3 DoFs at orients and inserts the
burr blade about the RCM point.

B. Evaluation of the RCM Motion

Three experiments were conducted to evaluate the RCM
motion of the robot. In the experiments, the robot was moved
in various positions within its joint workspace and the robot’s
motion was recorded using an optical tracker (NDI Polaris,
Northern Digital) with 0.3 mm rms accuracy.

In the first experiment, the orientation of the follower link
was measured to confirm that the constraints of the belt-
driven RCM mechanism, - which ensures that the orientation
of the follower link with respect to the reference link
remain constant throughout the robot’s motion - is preserved
despite the modifications to the mechanism introduced in this
research. Optical marker was attached to the follower link as
shown in Fig. 6a and the rotation matrix R that represents
the orientation of the marker coordinate system with respect
to the tracker coordinate system was recorded as:

1) Joint 2 moved from —10° to 30° in steps of 1° and
2) Joint 3 moved from -30 to 30 mm in steps of 1 mm

From the measurement data, the variation of the orientation
was evaluated by calculating the rotation angle A6 between

Insertion RCM Point Position Mean distance from
depths(mm) X(mm) | Y(mm) | Z(mm) | the RCM point (mm)
+35 -84.997 -2.55 -1661.5 35.40+0.083
-10 -5 0 5 10 15 20 25 30 +70 -84.945 -2.29 -1661.5 70.29 £0.080
Joint2 Angle (deg) 0 84992 | -3.01 | -1661.6 T.08 £0.084
-35 -84.942 -3.38 -1661.6 34.19+0.093
=70 -85.064 -3.36 -1661.5 69.31 £0.106
Stdev 0.049 0.557 0.049

the measured rotation matrix R and its initial value Ry using
the equation

(10)

RTR)—1
AO = arccos <tr(0)>

2

Fig. 6b and ¢ shows the variation of the follower link’s ori-
entation during the motion of the joint 2 and 3, respectively.
The orientation of the marker coordinate system deviated by
up to 0.22° from the initial configuration during the motion
of joint 2, and up to 0.12° during the motion of joint 3. These
results show that the orientation of the follower link remains
nearly unchanged during both rotational and translational
motions, confirming that the constraints of the mechanism
is preserved.

In the second experiment, accuracy of the RCM motion
was evaluated by measuring the location of the RCM point
from the trajectory of the robot’s end effector. An optical
marker was attached as the robot’s end effector in place of
a surgical instrument. The marker was attached such that
the origin of the marker coordinate system coincide with
the RCM point when the robot is at its zero configuration,
as shown in Fig. 7a. Then, joint 3 was moved to translate
the origin to 5 different instrument insertion depths : 0 mm
(RCM point) and £35 mm, £70 mm away from the RCM
point. At each depth, the position of the marker coordinate
system origin was recorded as:

1) Joint 1 was moved from —10° to 30° in steps of 1°
while joint 2 was fixed at 0° and

2) Joint 2 was moved from —10° to 30° in steps of 1°
while joint 1 was fixed at 0°.

Pivot calibration [25] was performed on the positions mea-
sured at each depth to identify the location of the pivot point
of the motion, which corresponds to the RCM point. Also,
the distance between the identified RCM point and the points
on the trajectory was calculated.

The measured positions of the marker coordinate system
origin and the location of the RCM point identified from
the pivot calibration is plotted in Fig. 7b. The figure shows
the circular trajectory about consistent center point for all 5
different insertion depths, indicating accurate RCM motion.
Quantified result is summarized in Table I. The mean value
of the distance between the points on the trajectory and
the identified RCM point differs slightly from the insertion
depth. This indicates that the origin of the marker coordinate
system was slightly offset from the RCM point when the
robot was in zero configuration, possibly due to the small
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displacement curve in X, Y, Z direction

a) Experiment setup for measuring the stiffness. b) Measured force

error during the assembly of the marker or homing of the
robot joints. However, the standard deviation of the distances
were within 0.1 mm for all 5 depths, which means that the
motion generated by both joint 1 and 2 are very close to
pure rotation motion about the RCM point. Furthermore,
the position of the RCM point identified from the pivot
calibration were almost identical for all 5 depths, with
standard deviations of 0.049, 0.557 and 0.049 mm in X, Y
and Z coordinate and 0.56 mm overall, indicating that the
position of the RCM point remains constant throughout the
motion of the robot.

Lastly, in the third experiment, the repeatability of the
robot was evaluated by moving the robot to different posi-
tions in joint coordinates. The robot was initially positioned
to the zero configuration PO = (0°,0°,0mm). Then, from PO,
the robot was moved to P1 = (—10°,—10°,—70mm), then
to P2 = (30°,30°,70mm) and then back to PO. This entire
sequence was repeated 20 times, while the optical tracker
recorded the position of the marker when the robot returned
to the PO. The the standard deviation of the 20 measurements
at PO were 0.017, 0.013, 0.025 mm in the X, Y and Z axes
and 0.019 mm overall, indicating a high level of repeatability
of the robot.

C. Stiffness

Fig. 8a shows the setup for measuring the stiffness of
the robot. The setup was designed to simulate an surgical
instrument in contact with the stiff tissue during BESS.
An end effector simulating the surgical instrument was
assembled to the robot. Tip of the end effector was positioned
35 mm below the RCM point along the instrument axis,
considering the insertion depth of the instrument during
BESS. Push pull gauge (DSV-200, IMADA) mounted on an
XYZ micrometer stage was connected to the end effector
tip. Force was applied to the robot in a controlled manner
by translating the stage in 1 mm increments along the +X,
4Y and +Z directions. Displacement of the end effector tip
and the corresponding force was measured. At the same time,
to measure the stiffness of the robot excluding that of the end
effector, an optical marker was attached to the follower link

DiNEe, S
ckup S

Spine Surgery Robot

(Instrument : Burr)

Endoscope

Fig. 9. (Top) Teleoperated system for spine surgery on a mockup using
a master device, surgical robot and arthroscope. (Bottom) View of the
arthroscope and robot during simulated surgery.

of the robot, and the displacement of the link was measured.

Fig. 8b shows the resulting force-displacement curve ob-
tained from the experiment. Stiffness was calculated as the
slope of the force-displacement curve fitted to the measured
data using least squares method. The stiffness at the end
effector tip were determined to be 5.298, 4.912 and 2.347
N/mm, in the X, Y and Z axes, respectively. The stiffness at
the follower link was determined to be 11.676, 12.435 and
5.341 N/mm in the X, Y and Z axes, respectively.

The stiffness at the follower link were larger than the stiff-
ness at the end effector, and also are more direct evaluation of
the robot mechanism’s stiffness because it does not include
the deformation of the end effector itself. The stiffness of
the robot mechanism in X and Y direction is pertains to the
stiffness of the belt parallelogram, as analyzed in Fig. 3a.
This explains smallest stiffness in Z axis as it is not affected
by the increased stiffness of the belt parallelogram.

Previous researches measuring force during bone burring
reported forces up to 6.1 N [26], [27]. The measured stiffness
values indicate that the maximum deflection of the robot
mechanism will be less than 1 mm in X and Y direction
during bone burring. These results suggest that the robot can
effectively withstand the force encountered in BESS.

D. Simulated Surgery

Finally, the feasibility of the robot was tested in the simu-
lated surgery on the mockup (Spine Holder Set, Sawbones).
Handpiece with burr blade was installed as the end effector
of the robot. The robot was teleoperated using Phantom
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Omni master device while the mockup was viewed from a
arthroscope held by a commercial robot arm, as shown in Fig.
9. The supplementary video shows the successful burring of
the spine mockup with the teleoperated robot.

IV. DISCUSSION

This paper presents a modified design of the belt-driven
RCM mechanism that satisfies the requirements of a surgical
robot for BESS. The design modification were made to
improve the stiffness of the robot for manipulating stiff
tissues and reduce the size of the end effector to avoid
interference with other medical devices during the surgery.

Surgical robot with the modified RCM mechanism was
evaluated through series of experiments and mockup surgery.
The experiment result shows that the modifications pre-
served the constraints of the RCM mechanism and the robot
functions as an RCM mechanism with stable RCM point
capable of generating 2 DoF rotation motion about RCM
point plus an additional translational DoF for instrument
insertion with high repeatability. The modification improved
the stiffness of the mechanism to ensure that the deflection of
the mechanism is less than 1 mm in X and Y directions under
the reported contact force during bone burring. While the
stiffness improvement using gearbox comes with the price
of the decreased dynamic performance, the performance of
the robot was successfully validated in mockup surgery.

Among the previous researches on the RCM mechanisms,
two researches, [10], [11] and [4], [8], present ideas similar
to those explored in this research. Shim et. al. [10], [11]
developed RCM mechanism with emphasis on the high stiff-
ness for bone drilling applications. The mechanism achieved
high stiffness by using circular guides to provide RCM
motion constraint and lead screw to provide stiff actuation.
However, since the end effector travels along the circular
guide, the guide must be positioned above the RCM point,
and the range of the RCM motion is limited by the central
angle of the circular guide. In contrast, the belt-driven RCM
mechanism allows for a larger motion range and reduces
obstruction above the RCM point.

Long et. al [4], [8] proposed an RCM mechanism that
implements both rotational and translational motion. In par-
ticular, [8] introduced a steel cable-driven serial link that
achieves combined rotational and translational RCM motion
without prismatic joints by imposing specific constraints on
the pulley radius. In the presented RCM mechanism, instead
of steel cables, polymer timing belts and gearboxes were
employed to improve accuracy while decreasing the elastic
deformation of the belts. At the same time, RCM constraints
was preserved through a specific ratio between the reduction
ratios of the gearboxes. This led to an RCM point accuracy
of 0.56 mm and repeatability of 0.019 mm.

Overall, the presented RCM mechanism retains the advan-
tages of the belt-driven RCM mechanism widely used in the
minimally invasive surgical robot, while adapting its design
to meet the requirements of the BESS. The mechanism
holds potential for broader application to other arthroscopic
procedures, which share similar characteristics with BESS,

including the minimally invasive manipulation of stiff tissues
and the need to operate in environments constrained by large
overhead X-ray equipment.

For the future works, the structural stiffness of the output
link and the end effector will be improved to match the
stiffness in Z direction to that of the RCM mechanism. Ad-
ditional surgical instruments for BESS - including Kerrison
punch and Pituitary Rongeur - will be developed for robot’s
end effector, along with corresponding instrument exchange
mechanisms. Also, the robot will be integrated with a bet-
ter vision system and teleoperation leader device. Finally,
comprehensive evaluations of the robot’s performance will
be conducted in cadaveric environments.
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