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Development of Novel Bevel-Geared 5 mm
Articulating Wrist for Micro-Laparoscopy Instrument

Jongwoo Kim
Sungchul Kang

Abstract—A laparoscopic surgery can be made less invasive by
utilizing slimmer tools. However, at the size scale of the microla-
paroscopic instruments, it has been very challenging to incorporate
a wrist mechanism for dexterous manipulation at the surgical sites.
In this letter, we present a 5-mm wristed instrument for microla-
paroscopy. Unlike other instruments with wrists utilizing the bend-
ing of compliant parts or tendon and pulleys, the instrument has a
wrist mechanism using oblique bevel gears driven by two concentric
shafts. As a result, the wrist can generate a 2—degrees-of-freedom
sharp articulating motion with 1) pitch angle range of +-90° and 2)
a full rotation along roll direction. Also, the wrist is scalable and
easier to assemble compared to the ones using tendon and pulleys.
The accuracy and the load carrying capacity of the wrist were
evaluated. The wrist was able to orient tools to the commanded
direction with an average error of 1.31° and manipulate up to
250 g of the load. The feasibility of the instrument was verified
through pick and place experiment and peg transfer test using a
teleoperated surgical robot equipped with the instrument. Using
the single robot arm with the proposed wrist, it took 98.7 s on
average to transfer five objects consecutively to the opposite side of
the pegboard. Thus, the articulating wrist widens dexterity in tight
anatomic space with the oblique gear mechanism. It is applicable
to needlescopic instruments or steerable laparoscope system.

Index Terms—Mechanism design, medical robots and systems,
minimally invasive surgery, surgical robotics: laparoscopy.

1. INTRODUCTION

ITH the surgical robot technology trending toward the
minimally invasive surgery, many robotic systems and
tools for laparoscopic surgery have been developed [1]-[4].
Researchers have studied various mechanisms for minimally
invasive surgical robots such as cable-driven mechanism [5]-[9],
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super elastic cable [10], [11], flexible fluidic actuator [12]-[17],
smart material actuator [18]-[22], and magnet actuators [23]-
[26], and the wire-guided linkage [27]. Researchers aim to de-
velop slimmer and dexterous laparoscopic surgical instruments
compared to the conventional ones. Traditionally, the multi-port
laparoscopic surgery usually requires 5~10 mm incisions on
four locations. When the port size decreases with the advanced
surgical instruments, it minimizes access trauma, shortens hos-
pitalization, and improves therapeutic outcome [28], [29] in
various operations such as colorectal surgery [30] and hepa-
tectomy [31]. If the diameter of the laparoscopic instruments is
below 3 mm, the invasiveness of the instrument port approaches
that of a hypodermic needle and leaves almost no scar. Micro-
laparoscopic surgery, a multi-port laparoscopic surgery using
slimmer (<5 mm diameter) instruments, is not only less invasive
but also fewer complications [32].

Micro-laparoscopic instruments with a diameter as small as
2mm [33] are commercially available. However, most of the
instruments lack a wrist for dexterous manipulation of its end
effectors, asitis very challenging to integrate one at the size scale
of the micro-laparoscopic instruments. At the size scale of 5 mm
or less in diameter, researchers often utilize the cable-driven
rolling joint mechanism for manipulation, including da Vinci
surgical system [7], [34]. Additionally, few ‘wristed’ micro-
laparoscopic instruments with diameter below 5 mm have been
demonstrated in product level and research level [35]-[37]. Most
of the wrist used in these micro-laparoscopic instruments take
the form of continuum robots [38]-[41] that generates motion
through the deformations of a bending section.

For dexterous manipulation inside tight anatomic spaces, the
wrist should 1) be able to generate a sharp articulating motion
about a pivot point and 2) have minimal motion envelop. In view
of these two requirements, the ‘articulating’ wrist is preferable
to the ‘bending’ wrist in terms of space savings. Due to the
length of a bending section and its finite curvature, the bending
wrist cannot make a sharp turn and as a result, it requires larger
motion envelop to achieve the same end-effector orientation. In
particular, as illustrated in Fig. 1, the bending wrist’s unit vector
of the tool direction, ‘_/'tip, is located at a distance from the pivot
point compared to the one of the articulating wrist. It means that
the bending wrist needs more space to orient the tip inside the
body. On the other hand, the articulating wrist can make a sharp
turn at the pivot point so it has a smaller motion envelope.

Such an ‘articulating wrist’ requires a mechanism for trans-
mitting the actuator motion along the long instrument shaft
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Fig.1. Thecomparison of the motion envelop between articulating wrists (left)
and bending wrists (right). The black arrow indicates the unit vector of the tool
(yellow bar) direction at given configuration. To turn the tool by +90 degrees,
the articulating wrists (left) rotates about the pivot point (red dot). On the other
hand, the bending wrists (right) must have a bending section with some length
(red bar). Thus, the articulating wrists have sharper turn and smaller motion
envelop compared to the bending wrists.

and converting the transmitted actuation into a rotation about
fixed axes perpendicular to the axis of the instrument shaft.
Traditional laparoscopic instruments with an articulating wrist
use tendon and pulley. Tendon and pulley mechanism requires
an antagonistic pair of tendon and a pin joint to mount the pulley
[42]. However, machining and assembling pulleys, the strength
of pin joints, and tensioning and routing the tendons become
challenging with the decreasing diameter of the instrument.
Tendon pulley mechanisms are difficult to be scaled down to the
sizes of micro-laparoscopic instruments and special manufactur-
ing technology had to be developed to build 3 mm articulating
wrist using tendon and pulley [35]. Thus, it has been very chal-
lenging to integrate an articulating wrist to micro-laparoscopic
instruments due to its scalability.

In order to make laparoscopic instruments slimmer yet dex-
terous, a new wrist mechanism needs to be developed to transmit
and convert the actuator motion from the proximal end of the
tool into ‘the articulating motion’ at the distal end. Also, this
wrist mechanism should be simple and scalable to the sizes of
micro-laparoscopic tools in terms of manufacturing and assem-
bly and provide sharp articulating motion. In this research, we
present 5 mm micro-laparoscopic instrument equipped with a
novel wrist mechanism capable of sharp articulation. Unlike
other instruments with wrist mechanisms based on the bending
of compliant parts, the instrument has the wrist mechanism using
oblique bevel gear that can generate a sharp articulating motion
with a pitch angle range of £90 degrees and full rotation along
roll direction. The 2-DoF articulated wrist with rolling and pitch
ability also have smaller motion envelop compared to other
mechanisms.

In addition, the proposed wrist is based on a solid gear
mechanism rather than the deflection of compliant material, thus
improving the resolution and precision of motion control. M.
Mitsuishi et al. have researched the mechanism with multiple
sets of orthogonal bevel gears to develop hand-held multi-DoF
forceps for laparoscopic surgery [43], [44]. The proposed wrist

IEEE ROBOTICS AND AUTOMATION LETTERS, VOL. 4, NO. 4, OCTOBER 2019

Grasping

(a)

Wristed Shaft

Link 2 w,

Outer Shaft - Link 1

Inner Shaft

Housing
Wire

.

Spring Link

Fig. 2. (a) The structure of the presented 5 mm micro-laparoscopic instru-
ments, (b) the cross section of the wrist mechanism, (c) the cross section of the
spring-loaded grasper.

also utilizes bevel gear set, but the axes between the gears have
oblique angles to have a larger diameter of the output gear
while satisfying the geometric constraint of the whole structure.
The larger diameter of the gear can facilitate the machining
process and increase the maximum torque delivered by the
mechanism. The proposed wrist is controlled by rotating two
concentric shafts, making it easier to assemble compared to
tendon pulley. We evaluated the performance of the wrist by
measuring the accuracy of tip direction control and static and
dynamic load capability. Furthermore, the feasibility of a robotic
micro-laparoscopic instrument with the articulating wrist was
verified by the pick and placement test and peg transfer test
using the teleoperated master/slave surgical robot system.

II. DESIGN OF THE INSTRUMENT

The presented instrument consists of a shaft with a wrist and a
grasper attached to it as shown in Fig. 2(a). Two degrees of free-
dom (DoF) wrist mechanism using oblique bevel gears orients
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the grasper. Grasper has spring loaded slider crank mechanism
to open and close it in any orientations. Two main considerations
in the design of the instrument were 1) generation of sharp
articulating motion, and 2) scalability to 5 mm shaft diameter,
both in terms of manufacturing and assembly.

A. Wrist Mechanism

In laparoscopic instruments, due to its long and slim structure,
actuators are located at the proximal end and the actuations must
be transmitted along the instrument shaft to a wrist and an end
effector at the distal end. Most of the wristed laparoscopic instru-
ments use tendons for this transmission. However, due to routing
and tensioning, assembling tendons becomes more difficult with
increasing number of actuations and decreasing sizes.

In the presented instrument, actuations for the wrist mecha-
nism are transmitted by rotation of two concentric shafts, which
lead to a simple and scalable structure. Rotation about the major
axis is a natural and effective method of transmitting motion
from one end to the other end of a long slender shaft. The
concentric arrangement of the shafts is easy to assemble and
scalable since the metal tubes with small diameters are readily
available. Furthermore, the concentric arrangement leaves space
in the central lumen that can be utilized to deliver signal lines or
actuating tendons for the tool that will be attached to the wrist.

Articulating motion about a pivot point like that of the hu-
man wrist can be generated by combining rotation about two
non-parallel axes intersecting at a common point. Therefore,
to create articulating wrist motion from two aligned rotations
transmitted by the concentric shafts, the direction of one of
the concentric rotation needs to be changed. For this rotation
direction conversion, bevel gear transmission is used, as shown
in the cross section of the wrist mechanism in Fig. 2(b).

There were three design requirements for the bevel gear pairs:
1) The gear mechanism should be integrated into a tube with a
diameter of 5 mm, 2) Large diameter for ease of machining and
higher torque delivery and 3) & 90 degrees in the pitch motion.
For the bevel gear pairs, given the fixed size of the input gear, the
diameter of the output gear that can fit into the 5 mm cylinder
is larger when the angle between the axis X, is larger than 90
degrees. Thus, the bevel gear pairs with the oblique axis can
exert larger torque compared to the pair with the perpendicular
axis. To determine the angle between the two axes of the gears,
we consider the following geometry of the mechanism

The range of the articulating motion of the wrist mechanism
depends on its geometry. When a tool initially oriented along a
unit vector ¥ is oriented to ¥ = [sin ¢ cos 6, sin ¢ sin 0, cos )]
in spherical coordinate by combining rotations about two non-
parallel axes ¢y and &5 intersecting at a common point, as shown
in Fig. 3, the range of the p olar angle ¢ and the azimuth angle
0 will depend on the relative angles among &, Wy and 7. In
laparoscopic instruments, «; and ¥y needs to be aligned with
the major axis of the instrument shaft so that the instrument is
straight at the initial configuration. In this case, mathematical
analysis shows that the range of the 6 is [0, 27| and the range
of the ¢ is [0,2/] where the (3 is an angle between & (or )
and Js.
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Fig. 3. Kinematics of the wrist and bevel gear design parameters.

The design goal for the articulating motion range was to
span the front half sphere of the tool, which corresponds to
¢ € [0°, 90°], and hence, ( should be 45 degrees. Due to the
constraint in oblique bevel gear design described in the next
paragraph, in the actual design, /3 is 45.1 degrees.

As shown in Fig. 3, when bevel gears transmit motion between
two non-parallel axes separated by angle X, pitch angles 1, v2
and the number of teeth ny, no of the gear pairs are related as
below.

Yo = X —y; = arctan Z;j—nci:sil (D

In our design, o was set to 90 degrees, so that the gear 2
(oblique bevel gear) takes the form of the crown gear whose
teeth profile is easier to be machined than the other bevel gears
with different pitch angle. This requires

M cosn =0 )
no

The integer pair n; = 12 and ny = 17 gives shaft angle 3

S = —acos -L = —acos 12 =134.9° 3)
n9 17

Then the pitch angle of the gear 1 (inner shaft) is 44.9 degrees
and the angle (5 between v and s is 45.1°. This results in the
range of the azimuthal angle ¢ is [0°,90.2°] which is close to
the design goal of ¢ € [0 °, 90°].

Given pitch angle and teeth number, detailed teeth profile of
the oblique bevel gear pair was designed following the standard
defined in [45], and machined from stainless steel using 5 axis
CNC. Then, one of the oblique gear pair was assembled to the
inner shaft and the other was assembled to a casing made of
PEEK (Polyether ether ketone), yellow part in Fig. 4(b), which
is connected to the outer shaft. The yellow casing holds the
position of the oblique gear and works as a bearing for rotational
movement of the oblique gear.

B. Spring Loaded Graspers

Various tools can be attached to the wrists such as graspers,
electrocautery, scissors, and a CMOS camera. In this letter, a
grasper was selected as an exemplary tool. Due to the high design
efforts and manufacturing costs for building a 5 mm diameter
grasper from scratch, existing graspers from a common 5 mm
straight laparoscopic instruments were modified.
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Graspers of straight laparoscopic instruments without wrists
use the rigid push-pull rod to actuate slider and crank mech-
anism that opens and closes the grasper. However, the rigid
push-pull rod cannot be used for the graspers articulated by the
wrist. In order to actuate the grasper even when the grasper
is rotated by the wrist, push/pull rod is replaced by a tendon.
Tendon can transmit pulling force to the grasper to close it
even when the wrist is bent, but it cannot apply push force
for opening the grasper. Therefore, the slider-crank mechanism
of the grasper was assembled to the spring-loaded housing as
shown in Fig. 2(c). Spring is compressed when the tendon is
pulled to close the grasper and provides a restoring force that
opens the grasper when the tension on the tendon is released.

Fig. 4(c) shows the actual grasper. The grasper and slider
crank mechanism were disassembled from a commercial 5 mm
laparoscopic tool (101.049A, Hangzhou Kangji Medical Instru-
ments, China), the push-pull rod of the mechanism was replaced
by a tendon and were assembled into a spring-loaded housing.
Since the tendon will be subject to repeated sharp bending during
the articulating wrist motion, 0.3 mm Dyneema rope (Dyneema,
USA), which is capable of sharp bending without kink, is used as
the tendon. The housing is assembled to the bevel gear by small
connection tube that is welded on both gear and the housing.

C. Kinematic Analysis

The rotation of the inner and outer shafts, j; and jo, rotates
the attached grasper about two axes Wy and &y by 07 and 65.
Since & is aligned with the axes of the outer shaft.

“

The oblique bevel gear is driven by inner shaft while it is
mounted on the casing that rotates together with the outer shaft.
Inner, outer shafts and the bevel gear form a differential gear
system. As aresult, the rotation angle 65 of the oblique bevel gear
is proportional to the difference between j; and jo, multiplied
by gear ratio between the inner shaft and the oblique bevel gear.

12
*_
17
As shown in Fig. 3, end effector initially oriented along vy
changes its direction to ¥ in spherical coordinates [¢, 6] by

rotating about &Jj; by #; and then rotating about iy by 6s.

01 =75

02 = (j2 — J1) &)

¥ = [sin ¢ cos 6, sin ¢ sin 0, cos qS]T = e@101e20255, (6)

Quter Shaft

— I
Tendon for

Inner Shaft

IEEE ROBOTICS AND AUTOMATION LETTERS, VOL. 4, NO. 4, OCTOBER 2019

Oblique bevel gear )

Spring-loaded housing

G haft
ear sha ~

A

graspers Graspers

(a) 5 mm dexterous micro-laparoscopic instruments (b) the inner and outer shaft with wrists, and c¢) the spring-loaded graspers.

Telecentric
Lens

Fig. 5.

Tip direction control experiment of the wrist.

where &1 = [0,0,1]%, &y = [cos45.1°,0,sin45.1°]T  and
T = [0,0,1]T. Inverse kinematics problem in (6) is well
known Paden-Kahan Subproblem [46] which has analytic
solutions for [01,65]. Then from [f;,605] desired motor shaft
rotations [j1, j2| can be calculated from (4) and (5).

III. EXPERIMENTS

A. Experimental Results of the Tip Direction Control

The accuracy of the articulating motion by the wrist was
evaluated by comparing the commanded and measured the di-
rection of the tip oriented by the wrist. The controller is set up
to control the rotation of inner and outer shafts by rotational
motors (Dynamixel 28AT, Robotis, South Korea). Also, there
is an additional motor to pull wire for folding the graspers or
other end effectors. The rotational motors are able to control
the rotation angle by 0.0879 degrees per single motor step and
63 rpm.

Two telecentric lenses (0.09X ¥2” GoldTL Telecentric Lens,
Edmund Optics, NJ, USA) with a monochrome image sensor
(EO-1312M, Edmund Optics, NJ, USA) were installed to take
an image of the tip at xz and xy plane, respectively. The
monochrome image sensor is suitable for high resolution of
the enlarged image. From the images of xz and xy plane, we
measured the tip’s direction about z axis and x axis, respec-
tively, as Fig. 5. As illustrated in Fig. 6, let a be the angle
between z-axis and the tip in xz plane, and let S be the angle
between the x-axis and the tip in Xy plane. From the measured
angles, « and g, the unit vector of the tip direction, ﬁip, exp» 18
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TABLE I

COMPARISON OF THE TIP DIRECTION BETWEEN THEORETICAL AND EXPERIMENTAL RESULTS IN SPHERICAL COORDINATES
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4 Vtip,theo Vtip,exp | Bdiff | 4 Vtip,theo Vtip,exp | ediff | Vtip,theo Vtip,exp | ediff |
eg)  (dep) | 4TS (deg) ey ML H e em) T
(¢.6) (¢.6) (¢.6) (¢.6) (¢.6) (¢.6)

1 5,0 5.1,03 0.07 11 25,240 25.6,117.8 1.12 21 65,120 65.2,57.6 2.18

2 5, 60 5.0, 60.2 0.04 12 25,300 24.5,62.2 1.05 22 65, 180 66.7,178.9 1.98

3 5,120 4.7,121.3 0.29 13 45,0 44.8,0.5 0.41 23 65,240 64.3,237.0 2.81

4 5,180 5.1,178.9 0.14 14 45, 60 45.7,61.9 1.54 24 65, 300 64.1,298.3 1.79

5 5,240 4.7,121.0 0.30 15 45,120 45.5,57.6 1.78 25 85,0 85.7,0.6 0.92

6 5,300 5.1, 60.7 0.15 16 45,180 43.2,179.3 1.86 26 85, 60 84.8, 60.5 0.52

7 25,0 26.3,0.6 1.33 17 45,240 42.5,117.7 2.93 27 85,120 85.4,121.7 1.74

8 25, 60 23.8,59.2 1.29 18 45,300 45.0,61.8 1.27 28 85,180 84.8,179.4 0.63

9 25,120  26.4,121.7 1.55 19 65,0 66.9, 0.8 2.04 29 85,240 85.9,237.8 2.36

10 25,180 4.5,178.8 0.71 20 65, 60 67.1,61.0 2.27 30 85,300 86.0, 298.0 2.25

(¢,0) = (45,60)

(¢, 0) = (65,180)

xz plane image

Xy plane image

Fig. 6. The direction of tip from xz plane and xy plane in the tip control
experiment.

calculated as (7).

(sin v, sin avtan 3, cos )
/1 + sin? e tan?3

The theoretical unit vector of the tip direction (¢, ) in spher-
ical coordinate is converted into (8) in Cartesian coordinates.

ﬁip,theo = (sin ¢ cos 4, sin ¢ sin 0, cos ¢) (8)

(7

Vtip7 exp —

The difference angle between theoretical and experimental
direction, Viip, exp and Viip, theo, 1 determined by (9).

edsz = aICCOS(‘Zip,exp ' ‘zip,theo) (9)

Using the motorized system, we performed the tip con-
trol experiment for ¢ € { 5°, 25°, 45°, 65°, 85°} and 6 €
{0°,60°, 120°, 180°, 240°, 300°} in spherical coordinate,
summing up thirty cases in total. The experimental results were
compared to the theoretical ones in Table I for the thirty cases;
the average difference is 1.31°, and its standard deviation is
0.85°. Thanks to its gear-based mechanism, the suggested wrist
demonstrated precise and consistent manipulation results com-
pared to other mechanisms based on the bending of compliant

Fig. 7.

Load capacity experiment setup. (a) The wrist structure endures 400 g
of static load. (b) The wrist can be manipulated up to 250 g load at maximum
while moving from (0°, 0°) to (90°, 90°) in the spherical coordinate.

materials or tendon-pulley mechanism. The experimental error
could be minimized through exactly perpendicular alignment
among the lens and the tip to have the exact image on the xy and
xz plane. Additionally, the supplementary video demonstrates
the sharp articulating motion and dexterity of the wrist. With
63 rpm speed of the rotational motors, the tip direction can be
promptly controlled. different environments. The supplementary
video demonstrates how the robotic system relocates the objects
during the pick and place test.

In the peg test, using the teleoperated control system, one
controlled the stylus to move five objects consecutively to the
opposite side of the pegboard. The one monitored the enlarged
view of the pegboard and end-effectors during teleoperation like
Fig. 8(c). The one was trained to use the teleoperated control
system for twenty minutes before the test. Timing for this task
began when the graspers touched the first object, and the timing
ends upon release of the last object. The test was performed
for ten times and the average time was 98.7 seconds with the
standard deviation of 6.37 seconds. The supplementary video
demonstrates the peg transfer test with the proposed robotic
system.
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(a) the bimanual teleoperated system with Raven II robot arms, (b) using the master/slave control system, the user controls the movement of the instrument,

(c) the teleoperated control system for the peg transfer test. The user can monitor the enlarged view of the peg board and the instrument in real time while manipulating
the stylus to control the movement of the instrument. During the test, the user moves the five objects consecutively to the opposite side of the peg board.

B. Load Capacity Test on the Wrist

The load test was performed to examine how much force it
exerts with the suggested wrist and how much force the wrist
endures. The stainless steel oblique bevel gear is welded with the
housing part of an end effector of stainless steel. In the first test,
a wire was fixed to the housing part through a hole 12 mm from
the joint, as shown in Fig. 4(c), and then the wire was loaded.
As Fig. 7(a), the wrist endures 400 g of the load.

Secondly, when a load was applied to the wire, the wrist’s
direction was manipulated from (0°, 0°) to (90°, 90°) in the
spherical coordinate. The test examined whether the wrist moved
exactly to (90°, 90°) direction under the load. At maximum, the
wrist was manipulated to the desired direction under 250 g of
the load as in Fig. 7(b).

Thus, the wrist shows 400 g load capacity at static state,
while 250 g load capacity at a dynamic state. In both tests,
the failure occurred at the shaft that connects the oblique bevel
gear to the housing of an end effector of Fig. 4(c). Increasing
the thickness of the shafts can raise both the rigidity and load
capacity of the wrist structure. The thickness can be optimized
in the consideration of the dimension of the whole structure and
additional tool that passes through the hollow passage. With
advanced micromanufacturing technology, the oblique bevel
gear part and the housing part can be made into one structure
to enhance its rigidity. Also, the wrist load capacity can be

increased by replacing stainless steel components with more
rigid materials such as titanium or titanium alloy.

C. Peg Transfer Test With the Teleoperated Control System

The wrist system was integrated to 6-axis robot arms to create
the bimanual teleoperated surgical robot system. The kinematics
of the wrist mechanism was solved and a motorized driver that
controls two DoF wrist and the additional DoF for the graspers
was built. Two robotic instruments were attached to 6-DoF
RAVEN-II robot arm [47] or Denso VS065 robot arm (Denso
Robotics, CA, United States) [48], and Sensable Phantom Omni
haptic device (3D Systems, SC, USA) to build the master/slave
control system as illustrated in Fig. 8(a) and (b).

The system enables the bimanual teleoperated control of the
wrist. An operator grasps the stylus of Phantom Omni with
each hand, the direction of each stylus is synchronized with
the wrist’s tip direction, and the movement of each stylus is
synchronized with the movement of each robot arm in real-time.
The operator can also fold/unfold the graspers by pressing the
button of the stylus to pull/loosen the wire. The feasibility of the
robotic instrument was verified by pick and place experiment
for various objects and peg transfer test. The goal of the pick
and place test was to move a wide range of objects, from
0.5 to 30 mm in diameter, from one column to another in
different environments. The supplementary video demonstrates
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how the robotic system relocates the objects during the pick and
place test.

In the peg test, using the teleoperated control system, one
controlled the stylus to move five objects consecutively to the
opposite side of the pegboard. The one monitored the enlarged
view of the pegboard and end-effectors during teleoperation like
Fig. 8(c). The one was trained to use the teleoperated control
system for twenty minutes before the test. Timing for this task
began when the graspers touched the first object, and the timing
ends upon release of the last object. The test was performed
for ten times and the average time was 98.7 seconds with the
standard deviation of 6.37 seconds. The supplementary video
demonstrates the peg transfer test with the proposed robotic
system.

IV. CONCLUSION

A 5 mm micro-laparoscopic instrument with new wrist mech-
anism is presented. The wrist mechanism converts the rotation
of two concentric shafts into the sharp articulating motion of
the wrist through the oblique bevel gear. End effectors can
be oriented to any directions in the front hemisphere of the
instrument tip. Use of concentric shafts provides advantages
scalability both in terms of manufacturing and assembly. Gear
transmission provides higher accuracy compared to the tendon
pulley transmission used in the wristed laparoscopic instruments
and thus may have advantages as an end effector for recently
emerging researches in autonomous surgical robots.

Motorized driver system that actuates the developed instru-
ment by rotating the concentric shafts were built. The robotic
wrist system was evaluated in terms of dexterity, and rigidity.
The wrist mechanism demonstrated tip orienting accuracy of
1.31° on average error, endured 400 g load at static state,
and manipulated 250 g load at dynamic state. For comparison,
consider a tendon-pulley mechanism using a pulley with 4 mm
diameter. Rotation of the pulley by 1.31° corresponds to tendon
displacement of 27 - 1.31/180.0 = 46 pum. Considering the de-
formation of tendons, it is not easy to get 1.31° tip orienting
accuracy error with tendon-pulley mechanism.

Feasibility of the instrument was verified through pick and
place experiment and peg transfer test using a teleoperated
surgical robot equipped with the instrument. The peg transfer
for five ring objects took 98.7 seconds on average with our
gripper. According to Fundamentals of Laparoscopic Surgery
(FLS) Program by Society of American Gastrointestinal and
Endoscopic Surgeons [49], the peg transfer test should be done
in 300 seconds for six ring objects with two grippers. Therefore,
even if it is not the exactly same situation, the proposed robot is
likely to meet the FLS program standard.

Although the feasibility of the laparoscopic instrument using
oblique bevel gear wrist mechanism was demonstrated, there
exists plenty of room for improvements before the instrument
can be tested in real surgery situations.

As for the wrist mechanism, there exist two limitations. First,
since the wrist mechanism provides roll and pitch degrees of
freedom (DoF), the mechanism becomes singular when the
attached tool is aligned with the roll axis. This can cause large
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changes in the commanded joint angle when the commanded
tool orientation passes the singular configuration. Secondly, due
to the fact that the pitch motion of the tool is generated by the
combined rotation of two axes, when the wrist makes pure pitch
motion, the tool rotates about its major axis. This can cause out
of the plane motion of a grasped object during pitch motion,
which will be undesirable in suture tasks. Both limitations can
be observed in the supplementary video.

In future works, 3rd DoF will be added to the mechanism to
solve either one of the aforementioned limitations. If yaw axis
rotation is added as a 3rd DoF, the lost degree of freedom at the
singular configuration can be recovered. On the other hand, if roll
axis rotation is added, the rotation of the tool during pitch motion
can be compensated. Our initial experience shows that using
torque coils delivered through the central lumen can transfer
rotations to the attached tools even when the wrist is articulated
and can be used to add 3rd roll DoF. create roll axis roll axis
rotation can be added.

Finally, the assembly of the housing will be reinforced to
improve the load capacity. Also, the sealing of the wrist mech-
anism will be investigated to protect the gear mechanism from
the contact with the biological fluid.

As for the tool inserts, slider crank mechanism driving
the grasper increases the length of the tool inserts and offsets
the grasper from the wrist. This limited the precise movement
of the tooltip and increased the motion envelop size of the
instrument. In future research, we plan to bring graspers closer
to the wrist by optimizing the link lengths of the slider-crank
mechanism, or by using alternate mechanisms for driving the
graspers. Finally, another tool inserts, such as CMOS image
sensors will be attached to use as a steerable laparoscope that
will allow surgeons to look around the tight corners.
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