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Abstract—Research on robot-assisted laparoscopic SPA
(Single Port Access) surgery and N.O.T.E.S (Natural Orifice
Translumenal Endoscopic Surgery) have thrived in the past a
few years. A configuration similarity between these surgical
robotic slaves is that two robotic arms are extended from the
same access port (either a laparoscope or an endoscope) for
surgical interventions. However, upon designing such a surgical
robotic slave, the structure of the extended robotic arms has not
been explored thoroughly based on evaluation of their distal
dexterity. This paper presents a simulation-based comparison
among three different structures which could be used to form
these extended robotic arms. Results presented in this paper
could serve as a design reference for surgical robotic slaves
which use a single access port and continuum mechanisms.

1. INTRODUCTION

PA (Single Port Access) surgery uses one skin incision

for laparoscopic interventions [1], while N.O.T.E.S
(Natural Orifice Translumenal Endoscopic Surgery) only
uses patients’ natural orifices (such as vagina, GI track, etc.)
for surgical treatments [2, 3]. Both procedures drew quite a
bit of attention in the past a few years because of their
potentials in further reducing postoperative complications to
traditional laparoscopic MIS (Minimally Invasive Surgery)
[4-6]. Looking at the promising future of the SPA and the
N.O.T.E.S surgeries, robotics researchers constructed various
robotic systems to assist the SPA surgeries [7-10] and the
N.O.T.E.S procedures [11-13].

Surgical robotic systems for SPA surgeries usually use a
straight and rigid laparoscope to access the surgical site
through one skin incision, while those for N.O.T.E.S
surgeries often use a flexible endoscope for access. The
robot-assisted laryngeal MIS robotic system [14] could also
fall in this category because a laryngoscope is used for access
of the surgical site. A similarity among these surgical robotic
systems is that two robotic arms will be extended from the
same access port (laparoscope, endoscope or laryngoscope) to
perform surgical tasks. Two examples are shown in Fig. 1,
which are the IREP robot for SPA surgeries designed by Xu et
al [7, 10] and the N.O.T.E.S surgical robot designed by
Abbott et al [12].
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Fig. 1. Surgical robotic slaves which use one access port: (A) the IREP
robot for SPA surgeries as in [7, 10], and (B) the N.O.T.E.S surgical robot as
in [12]. In order to provide a design guide for structure of the systems’
extended robotic arms, this paper presents a comparison for distal dexterity
among different robotic arms.

Upon designing robotic slaves for the SPA and the
N.O.T.E.S surgeries, attention was often primarily paid to
satisfy the demanding geometrical constraints in order to fit
everything into one laparoscope or endoscope. Structure of
the systems’ robotic arms has not been explored thoroughly
based on the evaluation of their distal dexterity. A comparison
for distal dexterity among different structures of these robotic
arms is missing from the existing literature.

The contribution of this paper lies on the evaluation of
distal dexterity for three robotic arms with different structures.
Results of this comparison could provide a quantitative
design reference for surgical robotic systems for the SPA or
the N.O.T.E.S surgeries. Since the surgical robotic slave
using continuum mechanisms for SPA surgeries [7, 10] had a
smaller outer diameter than those using rigid articulated links
[8, 9] (P15mm vs @23mm and P30mm respectively) with
comparable performance specifications, this paper chooses to
focus on different structures using continuum mechanisms.

The paper is organized as follows. Section II presents the
problem statement for the comparison among three different
robotic arms. Section III presents modeling nomenclature
while Section IV presents kinematics of each robotic arm.
Simulation results are detailed and discussed in Section V
with conclusion followed in Section VI.

II. COMPARISON FORMULATION

In surgeries which use one access port (such as SPA
surgeries and N.O.T.E.S surgeries shown in Fig. 1), two or
more robotic arms will be extended from the shared access
port for surgical interventions. Different structures of these
extended robotic arms will lead to different distal dexterity
and system performance. This paper presents a comparison
for distal dexterity among three different robotic structures,
which all use continuum mechanisms. The comparison results
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are expected to provide a design reference for future
development of such surgical robotic systems.

A. Structure of the Compared Robotic Arms

In surgical robotic systems which use a single access port,
the extended robotic arms had different number of DoFs
(Degrees of Freedom): 5 DoFs as in [9], 6 DoFs as in [8], 7
DoFs as in [7, 10], and 8 DoFs as in [14]. In order to ensure a
full 3D manipulation capability, this presented comparison
assumes 7 DoFs for each robotic arm.

In Fig. 2, each robotic structure consists of two or three
segments of continuum mechanisms as shown in Fig. 3. Each
continuum segment consists of four super-elastic backbones
and several disks, where one primary backbone is centrally
located and is attached to the end disk. Three secondary
backbones are equidistant from each other and from the
primary backbone. The secondary backbones are attached to
the end disk and can slide in holes of the base disk and the
spacer disks. A 2-DoF bending motion of this continuum
segment can be achieved through simultaneous actuation of
the secondary backbones while keeping the length of the
primary backbone constant. Length of the continuum segment
is defined as the length of the primary backbone. A third DoF
can be realized by actively changing the length of the primary
backbone. Two or more segments can be stacked to form a
robotic arm with more DoFs by using concentric tubes as the
backbones. Structures to be compared which all have 7 DoFs
are formed as follows, according to Fig. 2.

e Structure A has two 2-DoF continuum segments, a 2-DoF
planar translational module, and a 1-DoF rotary wrist. In
the 2-DoF continuum segments, length of the primary
backbone remains constant.

e Structure B has three 2-DoF continuum segments and a
1-DoF rotary wrist.

e Structure C has two 3-DoF continuum segments and a
1-DoF rotary wrist. The third DoF of the continuum
segment is realized by actively changing the length of the
primary backbone.

4 Rotary wrist 1 DoF

+ Segments with a 2-DoF bending
and a constant length

#* Segments with a 2-DoF bending

and a varying length
(C)*
7]

z

" 2-DoF planar
translational
module

Yo

Fig. 2. Three 7-DoF structures are assumed for this comparison: (A)
Structure A consists of two 2-DoF continuum segments, a 2-DoF planar
translational module and a 1-DoF rotary wrist, (B) Structure B consists of
three 2-DoF continuum segments and a 1-DoF rotary wrist, and (C) Structure
C consists of two 3-DoF continuum segments that can actively change the
length of the primary backbone.

B. Evaluation of Distal Dexterity

Measure of dexterity or manipulability of a robot has been
intensively studied [15-17]. Most measures involve different
interpretation of singular values of the robot’s Jacobian
matrix with or without normalization, such as determinant,
condition number, etc.

A Jacobian matrix represents mapping between velocities
(or general actuation forces) in a robot’s joint space and
Euclidian velocities (or wrench) of the end effector. Unlike
industrial robotic applications in which velocities, precision,
stiffness, etc. are emphasized for higher productivity and
efficiency, medical robots are designed towards different
considerations such as safety, compactness, compliance and
delicacy. Within a translational workspace which covers the
targeted surgical site, surgeons are more concerned about
whether they can orient tools and approach organs as desired.
Speed of surgical manipulation is usually concerned
secondarily and the manipulation speed can be relatively
easily improved by using more powerful actuators.

The paper proposes to evaluate the distal dexterity of each
robotic arm as the solid angle swept by the axis of the arm’s
gripper at selected points in the robot’s workspace, as shown
in Fig. 9, Fig. 10 and Fig. 11. These selected points are the
vertices and the central point of a cube fitted in each arm’s
translational workspace. In other words, the distal dexterity is
evaluated as a subset' of the orientation workspace at selected
points for these robotic arms with their translational
workspace enveloping the same functional volume.

In order to make the comparison more consistent, these
robotic arms are predetermined to have the same reach (the
furthest point along z, in Fig. 2 that can be reached).

Dimension synthesis of each arm is performed such that the
translational workspace envelops a same functional volume,
as shown in Fig. 6, Fig. 7 and Fig. 8. The size of the functional
volume is a cube of 50mmx50mmx50mm, which is required
by a cholecystectomy according to [10, 18].

III. MODELING NOMENCLATURE

All three structures in Fig. 2 use multiple continuum
structures shown in Fig. 3. Since these segments are
structurally similar, Fig. 3 only shows the #th segment (=1, 2,
or 3). Nomenclatures are defined in Table I, while coordinate
systems of the 7th segment are defined as below:

e Base Disk Coordinate System (BDS) is designated as
{tb} ={X},y,.2,} . It is attached to the base disk of the
tth segment, whose XY plane coincides with the base disk
and its origin is at the center of the base disk. x,, points
from the center of the base disk to the first secondary
backbone while z, is perpendicular to the base disk.
Secondary backbones are numbered according to the
definition of &,.

! The orientation workspace includes a complete set of information of the
gripper’s orientation, where here only the direction of the gripper’s axis is
concerned (roll angle, rotation around its own axis, is not included).
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e Bending Plane Coordinate System 1 (BPS1) is designated
as {tI}={X}},y,.2,} which shares its origin with {¢b}
and has the continuum segment bending in its XZ plane.

e Bending Plane Coordinate System 2 (BPS2) is designated

as {12} ={X}},y,.z,} obtained from {7/} by a rotation
about y,, such that z,, becomes backbone tangent at the
end disk. Origin of {r2} is at center of the end disk.

e End Disk Coordinate System (EDS) {te} ={X},y,..2,} is
fixed to the end disk of the rth segment. X, points from

center of the end disk to the first secondary backbone and
7, is normal to the end disk. {te} is obtained from {2}

by a rotation about Z,, .
When the tth and (7+1)th segment are stacked, {re} coincides
with {(¢+1)b} .

End Disk

Bending Plane

Spacer Disk

| Secondary Backbone| X X,

Fig. 3. Nomenclature and coordinates of the 7th continuum segment

TABLE I
NOMENCLATURE USED IN THIS PAPER
i Index of the secondary backbones, i = 7,2,3

Index of the segments ¢ =/,2,...,n; numbering of the

segments always precedes the secondary backbones.
Radius of the pitch circle defining the positions of the

r secondary backbones in all the disks.
Division angle of the secondary backbones along the
ﬂ circumference of the pitch circle, ﬂ =2r / 3.
LI Length of the primary and the ith secondary backbone for
i the 7th segment
q = [ql ;4o 4, ] ! is the actuation length vector in the
q;

joint space for the #th segment, where g, =L, — L, .

The angle of the tangent to the primary backbone in the
0 (S) bending plane for the #th segment. &, (Lt) and 6, (0)

are designated by 0, and 6,. 6, =7 / 2 is a constant.

For the rth segment, a right-handed rotation angle from
ti X,, about 7, to a ray passing through the primary

backbone and the ith secondary backbone. At a straight
configuration X, is along the same direction as the

desired instantaneous linear velocity of the end disk.

0, 6,=0,and 5, =0, +({(-1)f.i=123
v, vy, = [9” é‘l ]T is a configuration vector which defines
the pose of the 7th segment.
'R 5 Coordinate transformation matrix frame 2 to frame /.
» Position vector of a point along the primary backbone in
P, (S) {lb} . ’bp[ (Lt) is the tip position designated by ’[’ptL .

IV. KINEMATICS

Thorough analysis of one continuum segment’s kinematics
can be found in [14, 19-22]. Related entities are summarized
here for completeness. Kinematics of one segment will be
used to assemble the kinematics of different structures.

A. Kinematics of the tth Segment

Shape of the #th continuum segment can be characterized

by w, =[6, &,]" as defined in Table I. The experimentally

proven assumption that the segment bends into a circular
shape [19] gives the following.

cos S, (sing, —1)
sind, (1-sind, ) 1)
—cosd,

th t

P, =

tL 0

Where *p, =[0 0 L] when 6, =6, =z/2
Rotation matrix R, associates {te} and {tb} .
tme :R(i;i;_éz)R(ytI’gO _gtL)R(ZtZ951) (2)
Where R(ﬁ,)/) designates rotation about n by an angle .

The instantaneous kinematics is then given by:

. . J
X, VJ,W . » where le =|:J"’} 3)
o
L cosS (6, —6,)cos8, —sinf, +1 I sin g, (sind, —1)
l t (‘91L _90)2 , Q/L _‘90
3, =| -1, sing Lu=0w)cosO, —sinG, +1 ) cos6,(sin0, 1)
2% t t (QL 700)2 t HIL 700 (4)
I (6, —6,)sin6, ‘:COS 0, 0
L ('91 _90) ]
—sing, coso, cosd,
J,, =| —Cc0sd, —sind, cosd,
0 —1+sinf,

Singularity of J,, for 6, =6, =7 /2 can be resolved as:

[~ L, cosd,/2 0]
L siné,/2
0
—sin g,
—Co0s 0,
0

(6))

lim J, . =
T
G >0 =

S O O o O

B. Kinematics of Structure A

Robotic arms which use Structure A were adopted in the
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IREP robot for SPA surgery [7, 10], as shown in Fig. 4. In the
world coordinate system {w}={X].y,.z,}, Structure A
consists of the following:

1. Link A which provides a translation z along z,,

2. Linkage B with a length of #=35mm which connects to
Link A via revolute joints and opens to an angle of ¢ .

3. Continuum segment 1 with coordinates systems through
{Ib} to

using parallelogram so that {/b} is parallel to {w} .

{]e} , referring to Fig. 3. Linkage B is formed

4. Continuum segment 2 with coordinates systems through
{2b} to {2e}. {le} coincides with {2b} .

5. A gripper with a coordinate system {g}z{ffg‘,yg,z g}
attached. {g} is obtained from {2e} by a rotation of ¢.

=[0 0 15mm]".

Actual realization of this structure was detailed in [10]. A

The gripper tip in {g} is defined as p,

T

configuration vector &y [gb T Te¢ z]T can be defined

for kinematics parameterization. Tip position and Jacobian of
the gripper in {w} can be derived as the following with
details available in [7].

Py ="Pu+"Pu+ "R ("Ps+ "R,D,) (6)
Where "p,, = zZ}) + hcosgx,, + hsingz, , "R, = "R, *R,
p,, and “p,, are from Eq. (1).
"x£d, (7)

J = 03><I IbRZbTAZ TAI tA iw (8)
8 IbRgig IhRZbJ J 03><1 03><1

the general expression for '

200

Where ”’R ="R,, ZbR ; T,,,T,,,andt, are written below:
T, = [ "Rp, ] J, )
T, =d,| "Ry, "py + "R 2p, [ J, (10)
t, :a%(wp,b):—hsingi:¢,+hcosgzw (11)

Where [p]x is the skew-symmetric matrix of a vector p .

Expressions of J,,, J,,, J,, and J,  are from Eq. (4).

Iv > lo 2

C. Kinematics of Structure B

A robotic arm which uses Structure B was tested for its
force sensing capability [20], as shown in Fig. 4. In the world

coordinate system {w} , Structure B consists of the following:

1. Continuum segment 1 to 3 are stacked with coordinates
systems through {Ib} to {le} , {Zb} to {Ze}, and {3b}

to {3e} attached, referring to Fig. 3. {/b}, {Ie} and {2e}
coincide with {w} , {Zb} and {3b} respectively.
2. A gripper with a coordinate system {g}z{i;‘,yg,zg}

attached. {g} is obtained from {3e} by a rotation of ¢.
The gripper tip in {g} is defined as ¢p, =[0 0 15mm]’ .

A configuration vector ég/q;\w LT IT]T can be

defined for parameterization. Tip position and Jacobian of the
gripper in {w} can be derived as the following with details
available in [20].

wp = IhplL + Iszb (bgsz + ZhRsb ( 3hp3L + 3bRggpg ))
Where 3”R

(12)
3bR 3LR

"p,.,'p,, and ’p,, are from
Eq. (1).
XL, (13)
J. = 0, IbRstB3 ]bRZbTBz T,, (14)
B IbR 3bR i 1bR J IbR J J
3b 3bY 3000 1
Where JbRsb 1bR2b R, th "R, 3‘R, and

"R, ="R,, "R, ; Ty, Ty, T, are written as follows:

B3> "B2>
Ty =, "R, | I, (15)
(16)

_[ZbR3b3bp3L i ZijbsbRggpg :|>< 5,

2ve

Ty = J]vm_[]bRZb Py + "Ry, Py + IbRggpgi| J, a7
Where J,,, J,,, Joys I5y» I3, and J;,

Structure A

T, =J

are from Eq. (4).

Gr1 per

z
g
(e

L NYe
g
Continuum Segment 3 |

‘| Continuum Segment 2 |

w4

| Continuum Segment 2 |

Continuum Segment 1 | | Continuum Segment 1 |

Linkage B with
a length of /1

" Structure B ||

Fig. 4. Structure A and Structure B with the configuration vectors designed
as Gyy [¢ [ z:|T and QW‘V‘E¢ T IT:|T respectively.

D. Kinematics of Structure C

In addition of Structure A and Structure B, performance of
Structure C is explored in this paper, as shown in Fig. 5. In

{w} , Structure C consists of the following:

1. Continuum segment 1 and 2 are stacked with coordinates
systems through {Ib} to {I e} and {Zb} to {26} attached,

referring to Fig. 3. {/b} and {Ie} coincide with {w} and
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{Zb} respectively. Length of each segment now can be

actively controlled to introduce an additional DoF.
2. A gripper with a coordinate system {g}z{ﬁ;*,yg,zg}

attached. { g} is obtained from {26} by a rotation of ¢.
The gripper tip in {g} is defined as *p, =[0 0 15mm]" .

A configuration vector Gy [¢ L, 7 Ll]T can be

defined for parameterization. Tip position of the gripper in
{w} can be written as the following:

wpg = Ibpu + ]hR2b<2bp2L + 2bR2e ZeRggpg)

Where ’p,, and *’p,, are from Eq. (1).

;
| Continuum Segment 2 | v

(18)

Continuum
Segment 1

=Zy

w

Structure C

Fig. 5. Structure C with its configuration vector Zyny |:¢ L7 L]:.T

Jacobian matrix can be derived by writing linear velocity
and angular velocity of the gripper as the following:

o("pu
ng‘P‘“’/&/"'p/ i "’ pzbe 2L+Ib gg g)+u
oL,
(19)
b . . 2b g 6( prﬂ)
+TRNWIWR P zx( ¢ g)+T
2
Where "R, = "R,, ”R,, “R, and ”R, = R, “R,
w(’)'vJ‘FRJHIR/'z”’ 2 2 '2+¢]h gAg (20)
Then the Jacobian can be written as follows.
"x£J. . (21)
JC — 1b03xl,\ IIZRZbTCZ IbRthCZ TC] tC] (22)
R,z, "R, J,,, 0, J, 0,
Where T,, t.,, T, and t_, are written as below:
T, =3, "R, | I, (23)
. [cos S,(sing, —1) sind, (1-sing, ) —cosb, ]T (24)
etL _90
For t., and t.,; t., =[0 0 1]" when 6, =6, =7 /2
T, = lem_|: "R,, "y, + ]bRggpg] J, (25)

Where [p] is the skew-symmetric matrix of a vector p .

Expressions of J,,, J,,, J,, and J,, are from Eq. (4).

Iv> lo >

V. SIMULATION RESULTS AND DISCUSSIONS

According to the kinematics of these structures derived in
Section VI, translational workspace of these structures are
generated to verify whether the desired functional volume (a
cube of S50mmx50mmx50mm) is completely enveloped. In
the actual implementation, multiple robotic arms will be
extended from the same access port. Since the offsets between
them are usually small, results shown here for one arm can
easily transferred to a scenario where multiple arms are used.

The translational workspace of each structure in {w} is

generated by scanning the configuration space, as plotted in
Fig. 6, Fig. 7 and Fig. 8. Joints limits and structural constants
of these structures are specified in Table II. For Structure A,
all these values are consistent with the design presented in [7,
10]. To be noted, range of ¢ is not symmetric due to the

difficulty of constructing such an actual linkage.
Position of the functional volume in Fig. 6 is slightly lower
than that in Fig. 7 and Fig. 8 due to the specific shape of the

translational workspace of Structure A.
TABLE II
JOINT VARIABLES LIMITS AND STRUCTURAL CONSTANTS

0, €[0,7/2] | & e[-7 7]

T
For all the segments ¥ = [etL é‘z]

Structure A | Configuration vector gy [¢ 5 T ¢ 2]
pel-n,x] L, =35mm L, =25mm
h=35mm ce [7[/2,57[/6] ze [1 5mm,40mm]

Structure B | Configuration vector gyyp | 1 1]

pe[-n,7] ‘ L, =75mm ‘ L, =35mm ‘ L, =25mm

Structure C | Configuration vector gy [q} ;LZ ,TL]:|T

¢e[—7r,7r] ‘ L_,e[ZSmm,SSmm] ‘ L,e[35mm,80mm]

Distal dexterity of these structures at selected points (the
vertices and the central point of the desired cube in the
translational workspace) is evaluated as a solid angle swept
by the axis of each structure’s gripper.
The sweeping process is realized by using the pseudo
inverse of each structure’s Jacobian. Two steps are included:
1. From an initial configuration, each structure was driven to
reach a selected point by a kinematics redundancy
resolution (e.g. specify the linear velocity while
minimizing angular velocity in certain directions).

2. At the selected point, each structure was driven to verify
whether a direction could be reached by the gripper’s axis.

The verification only concerns direction of the gripper’s
axis, because the gripper is connected to the continuum
segment via a wrist which can rotate continuously. The

verification was implemented as follows. A direction n_,

was first parameterized as a unit vector using two variables,
an arbitrary unit vector . which is normal to n_, is picked
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to form the desired orientation of the gripper. Because of the
rotary wrist, i, wouldn’t affect the reachability of n_, .

Functional Volume of _\""““‘“n{ Translational Workspace |
50mmx50mmx50mm |-, ) _ : ;

140"

120}

-

-]

=
|

Z Axis(mm)
(2]
e
1

-y
=
l

- An unreachable
20— e " volume exists inside
' the works.pace‘ s0

[ . . .
100 | et 0
-50 . B :
] -50
X Rxis(mm) 100 ¥ Rxdis{mm)

,.-1"‘——"—.-_
Functional Volume of | Translational Workspace
S0mmx*50mmx50mm :

o | B
140 — 7
120 —
100 — An unreachable
28 - volume exists inside
the workspace.

&

Z Axis{mm)
2
|

Ao 50 0 50 100 S0 o
X s mm) ¥ Rads (mm)

Fig. 6. Translational workspace of Structure A with specified joints limits
as shown in Table II: (A) the front view and (B) the side view
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=
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W Aods (mm)
" A00
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X Aodis(mm) 108

160 160

T )| wW —1(8)

10 o 420
_ 160 _ 400
i L] i 20
'E (1] g (1]
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M4 Mg

z0 e

L] []
=20 -20
Ade -50 L] 100 400 -50 L] 100
X Asds(mm) ¥ Ascis (mm)

Fig. 7. Translational workspace of Structure B with specified joints limits
as shown in Table II: (A) the front view and (B) the side view

g —
0 P P : : ,_-_" 100
T B e ; 50
o » [
e
A A
50 0 50 > A00 Y Axds(mm)
X Riis(mm) 100
- (| ()
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2 oo
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o
08
O
. A0 t1] L] e 100 100 -50 [] 50 100
® Axcis{mn) X Asds(mm)

Fig. 8. Translational workspace of Structure C with specified joints limits
as shown in Table II: (A) the front view and (B) the top view.

Then each structure was driven by specifying a x which
combines a linear velocity and an angular velocity, as shown
in Eq.(26). The linear velocity always pointed towards the
selected point. The angular velocity was generated from a
rotation matrix associating the current orientation to the
desired one. If a joint limit was reached first, this direction

couldn’t be reached and the next value for ﬁzf would be

verified. The process repeats itself till a fine parameterization
of f_, is tested.

S =(x)" (26)
Where N = A4, B or C asin Eq. (8), Eq.(14) and Eq.(22).
Each structure’s distal dexterity is evaluated though a
2-dimensional numerical integral following the definition of a
solid angle and the values are presented in Table III.
Annotation of the points shown in Fig. 11(D) is identical for
all the structures. The evaluated distal dexterity can be
visualized as a patch on the surface of a sphere as in Fig. 9,
Fig. 10 and Fig. 11. The attached multimedia extension shows
simulations where the gripper’s axis of each structure swept

boundaries of the distal dexterity patches.
TABLE III
DISTAL DEXTERITY EVALUATED FOR THE STRUCTURES (UNIT: STERADIAN

Structure A | P;: 1.407 P> 1.470 P3:1.483 Py 1.395
Py:2.023 Ps5:0.842 Pg: 0.842 P7:0.829 Py 0.829
Structure B | P;: 0.151 P> 0.138 P3:0.138 P 0.138
Py:2.815 Ps5:0.628 P 0.641 P7:0.639 Py: 0.635
Structure C | P;:2.463 Py 2.458 P;:2.461 Py 2.460
Py:2.727 Ps: 0.440 Ps: 0.415 P;7:0.402 Pg: 0.415
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2 Axds(mm)

160
140 -
120
100

2 Pads(mm)

X Rods (mm) 5o ¥ Rodis (mim)|

X Rods(mm) ¥ Axds (mm)

Fig. 9. Distal dexterity evaluated at selected points for Structure A: (A) at
Pg point, (B) at Ps point, (C) at Py point and (D) at P, point.
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120 - i _ 5 120
IRl ‘ L ’w 100
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X la:a(n-) 50 '::-m--) X Rxds(mm) 50 ¥ R (mm)

Fig. 10. Distal dexterity evaluated at selected points for Structure B: : (A) at
Pg point, (B) at P, point, (C) at P, point pointing inwards, and (D) at P, point
pointing outwards.

e -% / 20
. : 0
20 L, 20

X Radis(mm) ¥ Axis{mm)

140 |

120~

100
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Fig. 11. Distal dexterity evaluated at selected points for Structure C: (A) at
Pg point, (B) at Py point, (C) at P, point pointing inwards, and (D) shows
annotation for all the selected points.

Please note that in Fig. 10(C)-(D), there two disconnected
patches. These two disconnected patches can only be reached
by driving the tip of the gripper away from and then back to
the selected point.

From values presented in Table III, Structure A has an
average of 1.236 for the evaluated distal dexterity, while
Structure B has an average of 0.658 and Structure C has an
average of 1.582. Besides drawing a conclusion that Structure
C is more desired, more insights can be observed:

o Distal dexterity at points through Ps to Pg is comparable
for all the structures because these points are all close to
the boundaries of the translational workspace, referring to
Fig. 6, Fig. 7 and Fig. 8.

e Distal dexterity at point P, is a cap shape for Structure A
as in Fig. 9(C) and Structure C as in Fig. 11(B). This is
more desired than the strap shape for Structure B as in Fig.
10(B), because the strap shape means surgeons lose the
capability of pointing grippers upwards in Z,, direction.

X Axis (mm)

Y s (nm)

o Distal dexterity of Structure C at points through P; to P, is
considerably higher than that of Structure A and Structure
B. The essential reason is that these points are
substantially further away from the workspace boundaries.
Hence, if the functional volume is moved lower in Fig. 8,
evaluation of the overall distal dexterity of Structure C
would become even better.

o Distal dexterity of Structure C at points through P; to P, is
also of better quality, pointing upwards as in Fig. 11(C).
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Grippers of Structure A and Structure B point sideward as
in Fig. 9(D) and Fig. 10(D) respectively, which is not
desired for surgical manipulation when pulling a tissue
from P, to P; (flipping occurs as pointing direction of
grippers have to change considerably).

VI. CONCLUSION

This paper presented a comparison for distal dexterity
among three different structures which all use continuum
mechanisms. They could all be potentially applied in surgical
robotic systems which use a single access port, such as SPA
and N.O.T.E.S surgeries.

Results showed that Structure C, which consists of
continuum segments with a varying length, generates the best
distal dexterity according to the evaluation criterion proposed
in Section II of this paper.

These results could serve as a design reference for future
development of surgical robotic slaves. Upon designing
robotic arms which use two continuum segments from Fig. 3,
instead of incorporating a translational module (Structure A)
or adding a third segment (Structure B), design efforts should
be made to realize variation of the segments’ length
(Structure C) with variation ranges as big as possible. Such a
structure would not only generate a bigger workspace but also
allow surgeons to orient tools more as desired.
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