IEEE Access

Multidisciplinary : Rapid Review : Open Access Journal

Received September 1, 2020, accepted September 13, 2020, date of publication September 28, 2020,

date of current version October 8, 2020.

Digital Object Identifier 10.1109/ACCESS.2020.3027362

Preoperative Planning Algorithm for Robot-
Assisted Minimally Invasive Cholecystectomy
Combined With Appendectomy

TAO SONG ', BO PAN ', GUOJUN NIU"“2, AND YILI FU', (Member, IEEE)

!'State Key Laboratory of Robotics and System, Harbin Institute of Technology, Harbin 150001, China
2School of Mechanical Engineering and Automation, Zhejiang Sci-Tech University, Hangzhou 310018, China

Corresponding author: Bo Pan (mepanbo@hit.edu.cn)

This work was supported in part by the Foundation for Innovative Research Groups of the National Natural Science Foundation of China
under Grant 51521003, and in part by the National Natural Science Foundation of China under Grant 61803341.

ABSTRACT Preoperative planning for robot-assisted minimally invasive surgery is critical stage. Recently,
many studies focus on the preoperative planning of the robot-assisted minimally invasive single-site surgery.
However, the preoperative planning for the robot-assisted minimally invasive combined surgery based on
the optimization algorithm has not been reported. In order to improve the dexterity and coordination of the
manipulators in the surgical areas and to reduce the preoperative adjustment time for the combined surgery,
this paper proposes a preoperative planning algorithm based on the non-dominated sorting genetic algo-
rithm IT (NSGA-II) for robot-assisted minimally invasive Cholecystectomy combined with Appendectomy
(RAMICA). The preoperative planning algorithm simultaneously optimizes the entry ports and configu-
rations of the manipulators. The optimization objective functions of the preoperative planning algorithm
consist of a novel global dexterity index (GDI) based on the coefficient of variation and the coordination
index (CI) that reflects hand-eye coordination and instrument coordination. The constraints of the pre-
operative planning algorithm include the port placement constraint and the non-collision constraint. The
preoperative planning scheme based on the optimization algorithm are verified by comparative simulations
to provide the better dexterity and coordination of the manipulators. Finally, the contrast experiments are
carried out to demonstrate the effectiveness and superiority of the preoperative planning scheme obtained by
the optimization algorithm.

INDEX TERMS Preoperative planning, robot-assisted minimally invasive surgery, Cholecystectomy com-
bined with Appendectomy, NSGA-II optimization algorithm.

I. INTRODUCTION

Robot-assisted minimally invasive surgery (RAMIS) has
been applied in a variety of surgical operations, due to its
advantages such as high accuracy, less trauma, and less
recovery time [1]. In addition, RAMIS can perform surgical
operations with high coordination and dexterity, and thus
improve surgical quality and safety [2]. Before the RAMIS,
the locations of the entry ports and the configurations of the
robot manipulators are the most critical issues in preoperative
planning, which straightforwardly affect the dexterity and
coordination of the instruments in the surgical areas and affect
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extracorporeal collisions. Improper entry ports and robot arm
configuration may lead to add the new entry port, or more
seriously may be converted to traditional open surgery. The
optimal preoperative planning scheme can provide the bet-
ter view and the better robot kinematic performances in
the surgical areas. Therefore, preoperative planning is an
important and significant stage to successfully perform the
operation.

For decades, there are many research groups focus on
the preoperative planning for RAMIS with respect to actual
physiological structural features, instrument dexterity, and
robot arm collision. A research direction for preoperative
planning is based on the surgeon’s clinical experiences. The
Researchers gave some preoperative planning guidelines
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according to the medical perspective, extensive clinical trials,
and unexpected problems occurred during the surgery.
Ferzli and Fingerhut [3] proposed a common method to place
trocars properly. The anterior and lateral abdominal wall was
divided into four quadrants corresponding to the classical
divisions, plus two triangles [4]. The paper gave a detailed
description of the surgical requirements and port placements
according to different organs and surgical positions of every
sub-area, and provided the reader with recommendations
for safe, adapted, worker-friendly laparoscopic access to the
abdominal cavity through a standardized methodology of
trocar placement. Pick et al. [S] proposed the determination
method of the entry ports of Da Vinci minimally invasive
surgical robot system for Prostatectomy. Badani et al. [6]
proposed the determination method of the entry ports
of Da Vinci system for Nephrectomy. All the above
preoperative planning methods are based on the sur-
geon’s experiences, the robot performances and col-
lision of manipulators in the surgical areas are less
considered.

In order to automatically determine the locations of
entry ports and the configurations of manipulators, another
research direction is to improve the robot performances in the
surgical areas. Cannon et al. [7] proposed a computer-based
algorithm to optimize the port placements and robot place-
ment according to tool dexterity and endoscopic view quality.
The positions of the instrument ports and laparoscope port
were determined by optimizing the weighted squared devia-
tion of the instrument and endoscope angles. Adhami et al. [§]
proposed an approach that consisted of planning, valida-
tion, and simulation. The validation step formed a solid
guaranty of the results proposed in the planning. Finally,
the simulation interface offered an intuitive tool to rehearse
the intervention and comfort of the surgeon. In addition,
Adhami and Coste-Maniere, [9] put forward a two-step strat-
egy to optimize the port placements and the pose of the robot.
Two angles were mentioned in the optimization algorithm,
the one angle was between the direction of an admissible loca-
tion and the line relating a target to that admissible location,
the other angle was between the direction of a target cone
and the line relating that target to an admissible location. The
dexterity and operability of the instrument were considered
within the surgical area. Trejos and Patel [10] proposed an
algorithm based on the global conditioning index and global
isotropy index for determining the best port location and
surgical robot configuration for endoscopic cardiac surgery.
Azimian et al. [11] proposed multi-objective optimality cri-
teria for Coronary Artery Bypass Grafting. The optimality
criteria consisted of a clearance measure and a new collective
kinematic measure. Two modified manipulability indices that
were dimensionally homogeneous form the kinematic mea-
sure. The coordination was not discussed.

Li et al. [12] proposed a pose planning method that opti-
mized the cooperative working space inside the abdomen
to adjust the joint angles of the stationary joints. A max-
imum distance criterion was adopted to guarantee a
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collision-avoidance operation. The constraint that the fixed
positions of entry ports were on the patient’s abdominal wall
was satisfied. However, the port placement was not discussed.
Yu et al. [13] proposed a preoperative positioning method of
the instrument arms’ passive joints. Under the premise of the
entry points being fixed positions, the forward and inverse
kinematics were calculated to obtain the set of effective
positioning results, and then the percentage of collaboration
workspace of the two instrument arms was used to judge the
best preoperative positioning angles. Feng et al [14] proposed
an optimization method to optimize the port placements and
robot pose. This method divided the port areas into many sub-
areas. In each of the sub-area, the robotic arm configuration
was solved using the optimization method and the operational
workspace was calculated to obtain the best port placement
and robot pose.

As discussed in the literatures, the aforementioned meth-
ods optimized the port placements and configurations of
the manipulators by adopting the dexterity, the isotropy,
the coordination of manipulators, cooperative workspace, and
non-collision as optimization indexes. However, the above
methods aimed at the single-site surgery. In fact, the com-
bined surgery has many advantages [15], [16]. Firstly,
the combined surgery performed by a group of entry ports
can reduce the trauma and the incision infection rate. Then,
a group of robotic configurations can meet two or more
operations, which greatly reduces the adjustment time of
preoperative positioning and is conducive to improve surgical
efficiency.

Preoperative planning for the robot-assisted minimally
invasive combined surgery based on the optimization algo-
rithm has not been reported. The most important contri-
bution of this paper is to present a preoperative planning
algorithm based on the NSGA-II for RAMICA. It is worth
noting that, the preoperative planning algorithm simulta-
neously optimizes the entry ports and configurations of
the manipulators. In addition, the optimization objective
functions of the preoperative planning algorithm consist
of a novel global dexterity index based on the coef-
ficient of variation to reflect the manipulator dexterity
and the coordination index to reflect hand-eye coordina-
tion and instrument coordination. The preoperative plan-
ning algorithm includes the port placement constraint and
the non-collision constraint to avoid unreasonable angle
between the surgical instruments and the intervention of the
manipulators.

This paper is organized as follows. The methods section
contains the mechanical structure, mathematical models
of the robot, mathematical models of the abdominal wall
and surgical areas, constraints, and optimization objective
functions. The results section carries out the comparative
simulations and contrast experiments to illustrate the effec-
tiveness of the preoperative planning scheme obtained by
the optimization algorithm. In the conclusion section, the
article is summarized and the direction of future study is also
discussed.
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Il. METHODS

A. MECHANICAL STRUCTURE AND MATHEMATICAL
MODELS OF THE ROBOT

The robot used in this study is a custom-designed robot,
as shown in Figure 1. In Figure 1, the customized minimally
invasive surgical robot includes a master console, a set of
vision system, and a slave robot. The master console provides
the interactive interface, two master manipulators and several
foot switches. The master manipulator has seven degrees of
freedom (DOFs). One of the seven DOFs is used to com-
plete the clamping operation. The three joint axes converge
to one point to achieve arbitrary attitude adjustment. The
remaining three joints are used for any position adjustment.
The foot switches are used for system control. The vision
system is used to transmit the vision from the endoscope to
the display equipment, which provides the surgeon with the
vision information. The slave robot consists of a foundation
support and three slave manipulators. Three manipulators
have a similar design of passive joints and active joints.
Each slave manipulator has seven DOFs. The configuration
of the slave manipulator is shown in Figure 2. Passive joints
include prismatic joint 1, revolute joint 2, revolute joint 3,
and revolute joint 4. Active joints consist of revolute joint 5,
parallelogram structure, and prismatic joint 7. The remote
center motion (RCM) point is the pivot point of the surgical
instrument at the entry port. Since the RCM point is a fixed
point in the active joints and is not associated with changes in
joint 5, joint 6, and joint 7. Therefore, the position of the RCM
point is only determined by the passive joints. The revolute
joint 5 and the parallelogram structure allow the surgical
instrument or laparoscope to revolute around the RCM point,
and the prismatic joint 7 adjusts the length of the instrument
or laparoscope into the body. The slave manipulator in the
middle holds the laparoscope to provide a view of the surgical
area, and the other two hold the instruments to complete some
surgical actions such as clamping, cutting, etc. The axis of
the joint 5 is at a 45-degree angle to the horizontal line,
as shown in Figure 2. The biggest difference between the
laparoscope-holding manipulator and the instrument-holding
manipulators is the length of the connecting rod of the passive
joints, as shown in Figure 3. Owing to the passive joints

FIGURE 1. A customized minimally invasive surgical robot.
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FIGURE 3. Sketch of the robot preoperative setting.

determine the position of the RCM point, the active joints can
be simplified to a rod from joint 4 to the RCM point, and the
simplified rod is called as link 4.

The modified Denavit-Hartenberg (D-H) method is
adopted to build a kinematic model of the slave manipulator
as shown in Figure 2. The modified D-H parameters of the
slave manipulator are listed in Table 1. The global reference
coordinate system o-xyz is mounted on the robot base. The
0-xy plane coincides with the patient coronal plane, and the
z-axis is perpendicular to the coronal plane pointing outward
as shown in Figure 3. The distances between the axis of each
revolute joint 2 of the passive joints and the z-axis of the
base coordinate system are D; and D,, respectively. While the
active joints adjust the position and posture of the end of
the surgical instrument during the operations, the passive
joints remain stationary. The Jacobian matrix is only related
to the active joints variables and is expressed by (1), as shown
at at the bottom of the next page. where s65 = sinfs, cf5 =
cosOs, s8g = sinbg, cg = cosbg, and d7 denotes the motion
of prismatic joint 7. The Jacobian matrix is used for later the
dexterity calculations.

TABLE 1. The modified D-H parameters of the slave manipulator.

i a;.; (rad) a;.; (mm) d;(mm) 6; (rad)
1 0 0 d; 0

2 0 0 0 0,

3 0 ar 0 9 3

4 0 as 0 94

5 -3n/4 0 ds 0s

6 -1/2 0 0 Os

7 /2 0 d; 0
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B. MATHEMATICAL MODELS OF THE ABDOMINAL WALL
AND SURGICAL AREAS

In RAMICA, carbon dioxide gas is injected into the abdom-
inal cavity to inflate the abdominal wall into an artificial
pneumoperitoneum. The entry ports are located on the artifi-
cial pneumoperitoneum, and the surgical instruments need to
complete the operations in the surgical areas through the entry
ports. Therefore, the mathematical models of the abdominal
wall and surgical areas should be developed according to the
human physiological structure characteristics. The fact that
the physiological structural characteristic parameters vary
from person to person is taken into account, and the patient
sizes are regarded as input parameters to build the mathemat-
ical model.

As an important reference point of the human physiologi-
cal structure, the umbilicus has relative position relationship
with many organs. The umbilicus is in the golden-ratio point
of the human body height in the sagittal plane. The distance
from the patient head to the base coordinate system of the
robot can be measured and is denoted as P. The patient’s
height and width are denoted as H and W, respectively. The
distance from the umbilicus to the soles of the feet is 0.618 in
proportion to body height, so the ratio of the distance from the
umbilicus to the top of the head to the body height, or coeffi-
cient of H, is 0.382. Thus, the position of the umbilicus based
on the global reference coordinate system is expressed by (2).

U = (P+0.382H,0, ) 2)

The shape of the pneumoperitoneum is regarded as an
ellipsoid [17]. The size of pneumoperitoneum is related to the
human physiology structure and the amount of the injected
gas. The lengths of the two chords in the coronal plane depend
on the distance between the phalangeal union and the xiphoid
process of the sternum and the distance between the sides of
the umbilicus. The half of distance between the phalangeal
union and the xiphoid process of the sternum is denoted as
a. The half of distance between the sides of the umbilicus
is denoted as b. The distance between the umbilicus and the
coronal plane is denoted as c. Consequently, the mathematical
model of the abdominal wall is expressed by (3).

where U,
umbilicus.

In RAMICA, the surgical areas are the gall bladder and the
appendix. The gall bladder is located below the right lobe of
the liver. More accurately, the gall bladder is approximately
located in the intersection of the midclavicular line and the
12th rib. The distance between the midclavicular line and
the sagittal plane is considered a quarter of body width W.
The distance between the patient head and the 12th rib is eas-
ily measured as NV, shown in Figure 3. In accordance with the
characteristics of the human physiological structure, the sur-
gical area of the gall bladder is approximately considered
as an ellipsoid with three-chord lengths of 50mm, 100mm
and 50mm, respectively. Hence, the position and shape of
the gallbladder in the human body are shown in Figure 4.
The mathematical model of the gall bladder is expressed
by (II-B).

represent the x coordinate value of the

w
T = <P+N,—I,80>

x =Ty 2 y—T, 2 z—1T; 2
(55) +(50) + () =1 @
For the appendix, Mc Burney point lies between the cecum
and ileum in the right lower abdomen. More accurately,
Mc Burney point is two-thirds of the distance from the
umbilicus to the right anterior superior iliac spine in the
coronal plane. The distance between the umbilicus and
the iliac joint is denoted as S and the other distance between
the two iliac bones that is denoted as Q. Owing to the size
of the appendix varies from person to person, the approxi-
mate shape of the appendix is considered as a cylinder with
a diameter of 100mm and a height of 25mm. Therefore,
the position and shape of the appendix in the human body are
shown in Figure 4. The mathematical model of the appendix
is expressed by (II-B).

PANEN )
AP=|Tx+—,—=,0
<x+ 3 3 )

— AP \?  [y—AP,\?
U P2 (x— ') =1 (e[0.25) G
@ 2L 2 5 o)+ (e el0.25) )
a b c
[ —d7s0556¢ d7c65c6q cOscOq
2 2 2
%d7€95$06 %aﬁ (896 — 505 6‘96) —% (505506 + cbg)
2 2 2
§d7695596 %—d7 (596 + S95C96) % (565506 — cH6)
/= 0 — 505 0 M
2 2
V2 Y2 0
2 2
V2 V2
e —cbs 1
L 2 2 _
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FIGURE 4. Port areas of the left and right robotic arms.

C. CONTRAINTS AND OPTIMIZATION OBJECTIVES

The preoperative planning algorithm regards the angles of the
passive joints as the design variables, and considers ranges of
the port placements and the non-collision between the robot
and the patient as the constraints to avoid unreasonable angle
between the surgical instruments and the intervention of the
manipulators. The paper proposes a novel global dexterity
index and the coordination index as two optimization objec-
tive functions in the preoperative planning algorithm.

1) DESIGN VARIABLES

The joint angles of the passive joints determine port place-
ments and the collision probability between the three slave
manipulators. The link lengths of the slave manipulators of
the robot-assisted minimally invasive system are immutable;
therefore, the joint angles of the passive joints of the two
instrument-holding manipulators are regarded as the design
variables in the preoperative planning algorithm. The range
of design variables are restricted as expressed in Table 2.

TABLE 2. The range of design variables.

Joint
afltg“le O, @(tad) 05 (rad) Oy (rad) 6, (rad) 6,5 (rad) 6,4 (rad)
lL.O‘T’er 0 w2 = 2 0 2
imit
Upper 0 2 0 2 0
limit

where subscript / and r represent the left slave manipulator
and right slave manipulator. The subscript k is used to dis-
tinguish the two robotic arms, denotes as / and r. The design
variable 6y;(i = 2, 3, 4) denotes the angle of the passive joint
i of the robotic arm marked k. Owing to the link lengths of
the slave manipulators are constant, the position of the RCM
point is determined by the angles of the passive joints. The
locations of joint 4 and the RCM point are expressed by (6)
and (7), respectively:

a
Pai = [ cos (Br2) cos Bz + 613) | [ag ]

Paky = [ sin (6k2) sin (62 + 6i3) | [ZZ?] (6)
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Psix = P — Lasin (Oxr + 03 + 6ra)
Psiy = Paky + Lacos (Or2 + 6i3 + Oka) (N

where ai; (i = 2, 3) denotes the length of the connecting
rod between joints i and i + 1. Ls denotes the length of the
connecting rod between joint 4 and the RCM point in the
coronal plane. P4y, P4y, Psky and Psyy, are the positions of
the joint 4 and the RCM point in the coronal plane.

2) PORT PLACEMENT CONSTRAINT

In laparoscopic surgery, port areas are selected to be on the
belly surface. Since the z-axis coordinate of any point on
the belly surface is related to the x-axis coordinate and y-
axis coordinate, the projection of the belly in the coronal
plane should be paid more attention to. In a brief description,
the port area of the left arm is located on the left side of the
gall bladder and umbilicus. The port area of the middle arm
is generally located on the umbilicus. The port area of the
right arm is between the gall bladder and appendix in the right
lower abdomen, which is convenient to take out the removed
gall bladder and appendix through special tools. According to
the human physiological structural parameters, the port areas
of the left arm and the right arm are represented in the coronal
plane by the blue-shaded rectangle marked L and R, as shown
in Figure 4. The shaded area is within the motion range of
the remote center point, which ensures the accessibility of the
ports’ areas. The ports areas of the left arm and right arm are
listed in Table 3. The z-axis coordinate of each entry point
can be obtained according to equation (3).

TABLE 3. The range of the ports’ areas of the left arm and right arm.

Position
coordinates X Vi *r Vr
Lower limit T, 0 T, -Wi2
Upper limit AP, Wi3 AP, -Wi4

3) NON-COLLISION CONSTRAINT

In RAMICA, the end of the instruments can reach any posi-
tion in the surgical areas, and the manipulators outside the
abdominal cannot collide with each other. The entry ports and
configurations of manipulators are simultaneously optimized
under meeting the non-collision constraints.

The positions of the entry ports straightway affect the
angles that point from the surgical instruments to the surgical
areas and operational performance of the surgical instruments
in the surgical areas. If the distances between the three entry
ports are far between, the coordination of the surgical instru-
ments in the surgical areas will become worse. If the distances
between the three ports are too close, the robotic arms will
easily collide with each other. The distances between the adja-
cent ports are limited to 80mm to 160mm on the projection
of the coronal plane. The three entry ports should be radial
from the surgical areas, and correspondingly, the robotic arms
outside the abdominal are also radial rather than intersect with
each other.
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The joints that are most likely to collide are prismatic
joint 7. The reason for the collision is the short distance
between the link 4/, the link 4 ¢, and the link 4r. Therefore,
a safety threshold is set for the distance between the middle
points of the link 4/, the link 4e, and the link 4r. The safety
threshold is set to at least 350mm. The safety threshold is set
to at least 600mm between the middle points of the link 4/
and the link 4r.

If the patient has some abdominal wall wounds or other
places to avoid, the port placements need to avoid these areas
s0 as not to secondary injury or more injury that is serious.

4) A NOVEL GLOBAL DEXTERITY INDEX
The entry ports and configurations of manipulators are simul-
taneously optimized by preoperative planning algorithm, and
that can change the kinematic performance of minimally inva-
sive surgical robot in specific surgical areas. The reasonable
kinematic performance evaluation index is necessary in the
preoperative planning algorithm. The surgical instruments
can flexibly reach any point in the surgical areas. In addition,
two surgical instruments and the endoscope can cooperate to
complete the operations such as clamping, cutting, etc.
Yoshikawa presented the concept of the manipulability
ellipsoid firstly [18]. The manipulability ellipsoid described
vividly the velocity and force transmission characteristics of
the manipulator from joint space to task space. Yoshikawa
use the volume of the manipulability ellipsoid as a measure
to evaluate the isotropy of the manipulator. However, there are
so many ellipsoids that have the same volume with different
principal axes. Hence, the volume of the manipulability ellip-
soid cannot describe reasonably the isotropy. Gosselin [19]
proposed firstly the condition number that represents the
ratio of the velocity and force transmission characteristics.
However, the capability of the velocity and force transmis-
sion characteristics is not stated in all directions, only the
ratio of maximum to minimum. Thus, the condition number
does not fully describe kinematic performance. Gosselin and
Angeles proposed a global condition index number [20]. The
singular configuration of the manipulator is judged if the
value of the global condition index is zero. Stocco et al. [21]
presented a global isotropy index as an objective function to
quantify the configuration independent isotropy of the robot.
Zhang et al. [22] proposed a GPR-based optimization strategy
to optimize port placements and robot positioning. In addi-
tion, the paper used global isotropy index and cooperation
capability index as two objective functions to reflect the dex-
terity of the robot arm and the cooperation performance of the
multi-arm, respectively. Du et al. [23] proposed an isotropy
evaluation index based on the coefficient of variation that
represents the ratio of the standard deviation o to the mean .
It combines all the singular values and indicates the mean and
the volatility of all the data. Nevertheless, there are different
data sets with the same the mean and the standard deviation.
It cannot distinguish the performance between these data sets.
A novel global dexterity index GDI based on the coefficient
of variation is proposed in this paper to comprehensively
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reflect the isotropy and dexterity of the manipulator. In order
to distinguish the singular state of the manipulator and reflect
the kinematic performance of the manipulator in the whole
surgical areas, GDI is expressed by (8):

W+ Omi
fov = Tmm’ Omin ?ﬁ 0
0, Omin =0
[ty -daw
GDI = —“——— 8)
dw
/

where 0,,;, denotes the minimum singular value of the Jaco-
bian, o and w denotes the standard deviation and mean
of the singular values of the Jacobian, fcv is a dimension-
less transition index based on the coefficient of variation
and comprehensively represents the isotropy and dexterity,
and w denotes the surgical areas of the gall bladder and
the appendix. It is worth to mentioning that the Jacobian
matrix is normalized [24]. With the decrease of the standard
deviation o, the singular values are closer and the isotropy is
better. With the increase of the mean w or gy, of the Jacobian
matrix, the velocity and force transmission characteristics is
better and the dexterity is higher. In a word, the isotropy and
the dexterity of manipulator are preferable with the smaller
the value of GDI.

5) THE COORDINATION INDEX

If the angle between the instruments involved in the human
body is in an inappropriate state, it will be difficult to coop-
erate in the surgical areas even with high flexibility and
isotropy, thus affecting the quality of the operation. To dis-
tinctly illustrate the angle relationship between the instru-
ments and the endoscope, the relevant operation parameters
are defined, as shown in Figure 5. The two instruments form

eft Instrument

The Instrument
Plane

The Operating
Plane

FIGURE 5. Schematic diagram of the operation parameters of the
instruments and endoscope.
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the instrument plane when they point to the same center
point of the surgical area. The angle between two instru-
ments is defined as the instrument angle ¢,,. The angles
between the projection of the endoscope on the instrument
plane and the left- and right-instruments are defined as ¢; and
¢r, respectively. It is concluded that the ideal manipulation
angle Wy, (W, = 60°) by a large number of experimental
statistics [25]. When ¢; is equal to ¢, the instruments are
in optimal hand-eye coordination. ¢, is the fixed azimuthal
angle of the endoscope.

Owing to hand-eye coordination and instrument coordi-
nation interact with each other in the optimization process,
the novel coordination index CI that reflects hand-eye coor-
dination and instrument coordination is expressed by (9):

2
1
h—e §;|¢r_¢l|j
J=

2

, 1

ic = EDwm—wmb
j=1

Cl

AM-h—e+ - ic )

where h-e and ic denote the hand-eye coordination index
and instrument coordination index, respectively. A; and
Ay denote the coefficients of hand-eye coordination
and instrument coordination, respectively. Where j = [ and
j = 2 denote the center point of the gall bladder and
the appendix, respectively. Here, A; and A, are 0.5
and 0.5.

D. THE PREOPERATIVE OPTIMIZATION PROCESS

Flow chart of preoperative planning optimization algorithm
based on the NSGA-II [26] consists of preparatory work, opti-
mization process, and result processing, as shown in Figure 6.
Preparatory work provides mathematical models of human
physiological characteristics and robot kinematics models
based on the relative position of the robot coordinate system.
It also defines the generation number and population size
of the optimization algorithm. In the optimization process,
variable groups are first generated. If the first input data
are selected as special angles such as those close to the
recommended angles of surgeons, it is possible that results
are the local optimal objective functions values rather than
the global optimal values. Thus, the variable groups of the
first generation are randomly generated in the variable ranges,
while variable groups of the remaining generations are gen-
erated based on the previous variable groups that satisfy the
constraints. If the variable group meets the constraints of
port placements and non-interference, the optimal objective
values are calculated in the surgical areas. Otherwise, the vari-
able group is weeded out. After completing the optimization
process, the optimal result graph and result table are created.
Finally, the optimal preoperative planning scheme is selected
according to the preoperative planning performance indexes
and the actual requirements.
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FIGURE 6. Flow chart of optimization algorithm.

Ill. RESULTS

To validate the availability of the proposed optimization algo-
rithm, comparative simulations and contrast experiments are
designed in the paper. Three preoperative planning schemes
are compared with the same surgery areas and position of
the robot base, and the same serial number of the scheme
represents the same scheme type in the comparative sim-
ulations and contrast experiments. Scheme I represents the
preoperative planning scheme that is based on the surgeon’s
experiences. Scheme II has the same entry ports with the
scheme I, however, the robot configurations of the scheme II
is based on the optimization algorithm. Scheme III is the opti-
mal preoperative planning scheme that is completely obtained
by the proposed optimization algorithm.

According to the human physiological structure charac-
teristics, the mathematical models of the abdominal wall,
surgical areas, and port placements have been developed.
This paper takes a typical human body size as an example
to verify the effectiveness of the optimization algorithm. The
structural size data of human body are as follows: body
height H and width W are 1700mm and 360mm, respectively;
the distance N that is from the patient’s head to the 12th
rib is approximately 540mm; the distance P that is from the
patient’s head to the base of the robot is 558mm. The dis-
tances D; and D, are 188mm and 358 mm, respectively. After
injecting carbon dioxide gas, the parameters a, b, and c of the
belly model are 165mm, 150mm, and 200mm, respectively.
The distance between the two sides of the ilium Q is 320mm.
Umbilicus to ilium united S is 60mm. The MATLAB software
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is used to complete the preoperative optimization process,
process data, and plot figures.

A. VERIFICATION OF THE COMPARATIVE SIMULATIONS
For RAMICA, the Pareto solution sets are as shown
in Figure 7. In general, the smaller the value of the opti-
mization objective functions, the better the dexterity and
coordination of the manipulators. Due to the Pareto solution
is non-inferior solution, two optimization objective func-
tions conflict with each other. When the value of GDI gets
smaller, the lager the value of CI. The scatter matrix [27] is
used to represent the variation trend and dependency among
the optimization objective functions and design variables.
As shown in Figure 8, the correlation coefficient and scatter
plot between the objective functions and design variables
are distributed in the upper triangle and lower triangle of
the matrix respectively, and the probability density plot of the
objective functions and design variables is distributed on the
diagonal of the matrix. The variation range of correlation
coefficient is from —1 to 1. When the correlation coefficient
is close to —1 or 1, it indicates that there is a strong correlation
between the two parameters; when the correlation coefficient
is close to 0, it indicates that the correlation between the
two parameters is poor. In the scatter plot of the lower tri-
angle, there is a good linear correlation between the objective
functions and design variables. The following points can be
known from Figure 8:

18—
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FIGURE 7. Pareto-optimal solution sets of the two optimization
objectives.

1) The correlation coefficient between 6;, and 6,3 is -0.69,
so there is a strong negative correlation between 65 and
0;3. When 6;; increases, 0;3 decreases.

2) The correlation coefficients between 6;4 and 6,7, 64
and 6,3, 6> and 6,3 are -0.7, 0.69 and -0.96 respec-
tively, so 64, 6,2, and 6,3 are strongly correlated. When
0,2 gets smaller, the bigger 6,4 and 6,3 get.

3) The correlation coefficients between GDI and 6,4, GDI
and 6,2, GDI and 6,3 are 0.9, -0.78, 0.75 respectively,
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FIGURE 8. The scatter matrix of the objective functions and design
variables.

so GDI is strongly correlated with 6;4, 8,2, and 6,3. 6,2
and GDI has opposite trend of change.

4) The correlation coefficient between GDI and CI is -
0.72, so there is a strong negative correlation between
GDI and CI. When GDI goes up, CI goes down.

The optimal design variables and the optimization objec-
tive functions of ten Pareto-optimal solutions randomly cho-
sen are listed in Table 4. The values of GDI are close,
while the values of CI vary from 2.423° to 7.199°. After
comprehensive consideration, the eighth preoperative plan-
ning scheme in Table 4 is selected as the final preoperative
planning scheme. The configurations of the manipulators and
locations of entry ports of the three preoperative planning
schemes on the o-xy plane are shown in Figure 9. Scheme I
and scheme II have the same entry ports, and their entry
ports are close to entry ports of scheme III. The black lines
represent the linkages of the preoperative planning scheme I,
and the black solid circles represent the entry ports. The
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FIGURE 9. Configurations of three preoperative planning schemes.
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TABLE 4. Ten Pareto-optimal solutions.

Design variable

Objective functions

S

O12(rad) 013(rad) 014(rad) 6,2(rad) 0,3(rad) Or4(rad) GDI CI(°)

1 0.6984 -0.5625 -2.7658 -0.8669 0.9235 -0.7179 -4.669 7.199

2 0.6956 -0.5532 -2.7547 -0.8658 0.9222 -0.7163 -4.656 6.224

3 0.6959 -0.5521 -2.7471 -0.8673 0.9241 -0.7163 -4.646 5.806

4 0.6973 -0.5468 -2.7479 -0.8673 0.9221 -0.7162 -4.635 5.489

5 0.6924 -0.5393 -2.7429 -0.8658 0.9224 -0.7182 -4.623 4,947

6 0.7004 -0.5661 -2.6914 -0.8658 0.9224 -0.7167 -4.586 3.854

7 0.6955 -0.5641 -2.6647 -0.8658 0.9224 -0.7169 -4.544 3.427

8 0.6977 -0.5863 -2.6069 -0.8706 0.9284 -0.7183 -4.489 2.859

9 0.6868 -0.5681 -2.6067 -0.8706 0.9281 -0.7167 -4.464 2.574

10 0.6766 -0.5495 -2.6113 -0.8737 0.932 -0.7179 -4.444 2.423
TABLE 5. The optimization objective function values of the three preoperative planning schemes in the comparative simulations.

GDI (left) GDI (right) ic (°) h-e (°) GDI CI(®

Scheme I -3.9949 -4.3211 8.197 10.481 -4.158 9.339

Scheme I1 -4.2929 -4.3591 8.197 10.481 -4.326 9.339

Scheme 111 -4.5165 -4.4624 2.846 2.871 -4.489 2.859

green lines represent the linkages of the preoperative planning
scheme II, and the green solid circles represent the entry
ports. The green and black lines of the middle arm are coinci-
dent. The red lines represent the linkages of the preoperative
planning scheme III, and the red solid circles represent the
entry ports. The blue square represents the robot base, the red
square represents center point of the gall bladder and the red
diamond represents center point of the appendix.

In the same simulation environment, the objective function
values of the three preoperative planning schemes are listed
in Table 5. For the sake of making a detailed comparison
between the three preoperative planning schemes, left arm
dexterity, right arm dexterity, ic, and h-e in the surgical
areas are all compared as reference indexes in addition to
the two optimization objective functions. When the value
of GDI is smaller, the better the dexterity of the manip-
ulator. It means that the manipulator can freely reach the
arbitrary point in the surgical areas. When the value of ic is
increased, the angle between the instruments is further from
the ideal coordination angle, which means it’s harder for two
instruments to work together. It is similar that the value of
h-e is risen, the hand-eye coordination is worse. The value of
GDI of the scheme III is about 7.96% and 3.77% less than
scheme I and scheme II. Nevertheless, the value of ic and the
value of h-e of the scheme III are about 65.28% and 72.61%
less than scheme I and scheme II, respectively. The value of
CI of the scheme III is about 69.39% less than scheme I and
scheme II. It represents that the hand-eye coordination and
instrument coordination of the scheme III are much better
than the others. And the hand-eye coordination changes more
than the instrument coordination in the scheme III. Scheme I
and scheme II have the same values of CI because they have
the same entry ports. In sum, it is obvious that scheme II is
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slightly better than scheme I, and scheme III is better than
scheme II and scheme 1. The effectiveness of the preopera-
tive planning scheme based on the optimization algorithm is
verified by the comparative simulations.

The comparison between results of reference [12], [17],
and optimization algorithm is listed in Table 6. Refer-
ences [12] and [17] used cholecystectomy as an example
for preoperative planning optimization. Reference [12] opti-
mized the configurations of the manipulators based on the
given entry ports by the improved gradient projection method
and maximum distance criterion. However, the previous study
did not optimize the entry ports. In fact, the hand-eye coordi-
nation index and instrument coordination index depend on the
locations of the entry ports. Table 6 shows a comparison of the
previous study results (ID 1) with the preoperative optimiza-
tion results in this paper (ID 3). The global dexterity index
and the coordination index of ID3 were about 9.86% and
69.48% than ID1. The optimization process in reference [17]
was divided entry ports optimization and manipulator con-
figuration optimization into two processes. The interaction
between dexterity and coordination was not considered. The
global dexterity index and the coordination index of ID3 were
about 15% and 57.41% than ID2.

B. VERIFICATION OF THE CONTRAST EXPERIMENTS

In addition to the comparative simulations, the contrast
experiments of three preoperative planning schemes are also
conducted to confirm the effectiveness of the preoperative
planning scheme based on the preoperative optimization
algorithm. The three preoperative planning schemes in the
contrast experiments are based on the actual human body
model and the viscera models. For RAMICA, the manipu-
lator configurations and the initial instrument poses of three
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TABLE 6. Comparison between results of reference [12], [17], and optimization algorithm.

ID GDI (left) GDI (right) ic (°) h-e (°) GDI CI(°)
1 -4.113 -4.059 12.408 6.326 -4.086 9.367
2 -3.974 -3.838 9.372 4.052 -3.906 6.712
3 -4.5165 -4.4624 2.846 2.871 -4.489 2.859
TABLE 7. The optimization objective function values of the three preoperative planning schemes in the contrast experiments.
GDI (left) GDI (right) ic (°) h-e (°) GDI CI(°)
Scheme I -4.083 -4.182 5.58 11.89 -4.133 8.74
Scheme II -4.349 -4.228 5.58 11.89 -4.289 8.74
Scheme I11 -4.375 -4.373 2.75 3.01 -4.374 2.88

FIGURE 10. The configurations of manipulators and the initial poses of
the instruments of three preoperative planning schemes.

preoperative planning schemes are shown in Figure 10.
Figure 10 is divided into three columns and four rows. The
left-most column, the middle column, and the right-most
column corresponds to the entry ports and manipulator
configurations of scheme I, scheme II, and scheme III respec-
tively. The first and third rows represent the manipulator con-
figurations with the instruments pointing to the gallbladder
and appendix, respectively. The second and fourth rows repre-
sent the initial poses of the instruments in the endoscopic view
when the instruments point to the gallbladder and appendix,
respectively.
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The three preoperative planning schemes in the contrast
experiments are based on the mathematic model and the
whole surgical areas. There is different from the comparative
simulations that the contrast experiments perform surgical
operations on the viscera models and partly traverse the
surgical areas, while the comparative simulations integrally
traverse the whole two surgical areas. In the contrast exper-
iments, a series of scattered points are uniformly selected
within the motion time range to represent the motion range of
the surgical instruments. The movement points of the surgical
instruments for the three preoperative planning schemes are
shown in Figure 11. The three figures from (a) to (c) in Fig-
ure 11 correspond to schemes I to III in turn. Each subgraph
shows the movement range of the left and right instruments in
the two surgical areas under the corresponding scheme. The
red circles represent the motion scatter of the right instrument,
while the blue circles represent the motion scatter of the
left instrument. The scattered points of the instruments in
the surgical areas cover the peripheries of the surgical areas.
The scattered points in Figure 11 are used to calculate robot
kinematic performances, and the evaluation index values are
shown in Table 7. The value of GDI of the scheme III is about
5.83% and 1.98% less than scheme I and scheme II. The value
of ic and the value of &-e of the scheme III are about 50.72%
and 74.68% less than scheme I and scheme II, respectively.
The value of CI of the scheme III is about 67.05% less
than scheme I and scheme II. It represents that the hand-eye
coordination and instrument coordination of the scheme III
are much better than the others. And the instrument coordi-
nation changes more than the hand-eye coordination in the
scheme III. The GDI values of the three schemes are close
to each other, the all evaluation index values of scheme III
are almost better than that of scheme I and scheme II
It demonstrates the effectiveness of the preoperative planning
scheme based on the optimization algorithm by the contrast
experiments.

Because the ergodic points of the surgical instruments are
different in the comparative simulations and contrast experi-
ments, the optimization objective function values are differ-
ent. The optimization objective function values of scheme III
are superior to other two schemes.
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FIGURE 11. A series of motion scatter points of three preoperative
planning schemes.

IV. CONCLUSION

In this paper, a preoperative planning algorithm based on
the NSGA-II is proposed to improve the dexterity and coor-
dination of the manipulators in the surgical areas and to
reduce the preoperative adjustment time for RAMICA. The
optimization objective functions of the preoperative planning
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algorithm consisted of a novel global dexterity index based
on the coefficient of variation and the coordination index.
The preoperative planning algorithm took the port placement
constraint and the non-collision constraint into account. In the
comparative simulations, the value of GDI of the scheme III
is about 7.96% and 3.77% less than scheme I and scheme II,
and the value of CI of the scheme III is about 69.39% less
than scheme I and scheme II. In the contrast experiments,
the value of GDI of the scheme III is about 5.83% and
1.98% less than scheme I and scheme II, and the value of
CI of the scheme III is about 67.05% less than scheme I
and scheme II. The comparative simulations and contrast
experiments demonstrate the effectiveness and superiority of
the preoperative planning scheme obtained by the optimiza-
tion algorithm. The preoperative planning algorithm help
the surgeon to reduce the adjusting time and improve the
kinematic performances (the global dexterity, the instrument
coordination, and the hand-eye coordination) for different
physiological structural characteristic parameters of patients
and different combined surgery. The preoperative planning
algorithm can be applied to other robot-assisted minimally
invasive combined surgery by modifying the physiological
structural characteristic parameters, the constraints, surgical
areas, and optimization objective functions. The preoperative
planning algorithm can be applied to the surgical training
system. In the future, the preoperative planning algorithm
can be applied in clinical surgery to provide guidance for
preoperative planning.
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