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ABSTRACT Serve as the human-robot interface of laparoscopic surgical robot, the master device always
plays a crucial role in terms of master-slave manipulation. Growing demands of robot-assisted surgery system
also warrant more rational design and optimization for the master manipulator mechanism, which turn out
to be important for improving the performance of surgical operations. In this paper, a novel 9 degrees of
freedom (DOFs) haptic master manipulator applied to laparoscopic surgical robots is proposed. First of all,
the mechanical configuration of the serial master manipulator is presented along with its corresponding
kinematic analysis. The proposed strategy can decouple the posture and position completely and to a certain
extent simplify the kinematics calculations. Then a mechanism optimization index which synthesizes the
global kinematic performances, the global positioning accuracy and the structure length utilization of the
manipulator mechanism is introduced. Finally, an improved particle swarm optimization algorithm is pro-
posed to find the optimal mechanism design parameters. The optimization index and algorithm are verified
by comparing the optimized parameters with the initial settings. Theoretical analysis and optimization results
have demonstrated that the master manipulator can achieve better kinematic performances while maintaining
6 dimensions force feedback.

INDEX TERMS Master manipulator, surgical robots, human-robot interaction, mechanism design, mecha-

nism optimization.

I. INTRODUCTION

Robot-assisted minimal invasive surgery (RMIS), which is
famous for its precise position, dexterity enhancement and
high success rate in complex surgery, has been greatly
developed during the past few years [1]-[4]. The minimally
invasive surgical robot can bring the surgeons dexterous
instrument control, shorten operation time and reduce the
operation risk [5]-[7]. As the human-robot interactive inter-
face of RMIS, the master manipulator is supposed to deliver
the surgeon’s operations to the slave robot precisely while
providing the surgeon with tactile sense properly. Thus, the
comfortableness of operation and the success rate of surgery
rely heavily on the ergonomics and the capability of mas-
ter manipulator. Based on the characteristics of RMIS, the
master manipulator of laparoscopic surgical robots should
have decent kinematic performances, high comfort level of
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surgical operation, and sufficient ability to implement self-
balancing and force feedback. In recent years, many mas-
ter devices are designed for robot-assisted surgery systems.
The most successful minimally invasive surgical robot da
Vinci (produced by Intuitive Surgical Inc.) is equipped with
a 8 DOFs serial robotic master manipulator [8]-[10], which
can be divided into three parts: shoulder, elbow, and wrist.
Cable driven mechanism and gear transmission mechanism
are both employed in the master manipulator of da Vinci.
The joint axes of the wrist part intersect at one point for both
simplifying the kinematics analysis process and guaranteeing
that the posture of master manipulator can be adjusted flex-
ibly and independently. Because the Touch series (formerly
PHANTOM series) have compact structure and small size
and can provide precise positioning input and high-fidelity
force-feedback output, these haptic devices were employed as
the master device of Raven-II, which is a platform for collab-
orative research on advances in surgical robotics [11], [12].
Touch series are serial-link devices that have 6 DOFs and can
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feed 3 dimensions force back to operators. The DLR Miro-
Surge (developed by the German Aerospace Center), which
designed to be the expandable and useful system for multiple
surgical applications, integrates Omega.7 haptic device as the
master manipulator to control the slave surgical robotic arms
[13], [14]. Omega.7 (produced by Force Dimension Inc.) can
offer 6 DOFs manipulability and an additional grasping DOF.
The 3-RUU type parallel mechanism and triaxial concurrent
mechanism are used in the Omega.7. The translational and
grasping DOFs are actuated and can provide force feedback,
whereas the rotatory DOFs are passive and equipped with
encoders. The Sigma.7 haptic devices upgraded on the basis
of Omega.7 are designed with respect to the requirements
in RMIS and other medical applications [15], [16]. The
mechanical structure of Sigma.7 is similar to Omeg.7, but all
DOFs of Sigma.7 are active. The Senhance surgical system
(designed by TransEnterix Inc.) employs haptic handlebars as
the master devises. Also, it removes the economic limitations
of current robotic systems by using fully reusable instruments
[17], [18]. The haptic handlebars characterized by simple
structure and small volume are capable of feeding the interac-
tion force between instruments and patients rapidly and pre-
cisely. The REVO-I robot-assisted surgery system (produced
by meerecompany Inc.) employs serial robotic arms as its
master manipulators. It can seamlessly transfer a surgeon’s
precise hand movement to the robotic arms and make it easier
for the surgeon to operate a surgical robotic system [19],
[20]. The joint axes of posture adjustment mechanism of
REVO-I meet in one point, which is similar to the da Vinci
robot. Sang et al. [21] developed a novel partly tendon-driven
master-slave surgery robot system named MicroHand A to
assist minimally invasive surgery. The master manipulator of
MicroHand A is a serial robot with 7 DOFs, which can per-
ceive the surgeon’s hand motions and provide the operation
force feedback. The cable-driven joints are used as positional
DOFs and the axes of wrist joints intersect at a common point.
Talasaz et al. [22] developed a master-slave system to explore
the haptic effects in RMIS. The master console includes two
haptic wands for transferring the operator’s hand motions to
the slave manipulators. The dual 5-bar linkage mechanisms
which can realize 7 DOFs force reflection are employed in
the haptic master devices. It allows for 3 translational DOFs, 3
rotational DOFs, and 1 grasping DOF. Li et al. [23] proposed
an 8 DOFs haptic manipulator by using the serial-parallel
mechanism. The parallel mechanism is designed to control
3 DOFs translational motion and the serial mechanism is
a 4 DOFs quadruple-axial concurrent redundant mechanism
designed to control three posture angles. Wisanuvej et al.
[24] presented a joint-space master manipulator for highly
articulated robotic instruments in single access surgery. This
serial-link manipulator emulates the kinematic structure of
highly flexible surgical instruments which is designed to
control and use 6 active DOFs to compensate for its own
weight and provide force feedback. Takahashi et al. [25]
developed a master manipulator capable of operating micro
neural surgical system. The haptic master manipulator is
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a serial robotic arm which has 3 translational DOFs and
3 rotational DOFs. The translational part and gripper are
actuated by DC motors to realize self-balancing and feed the
force information back. Although the master manipulators
proposed in the existing studies can be used as the human-
robot interaction devices for RMIS, there are still some defi-
ciencies need to be improved. Because the commercial master
manipulators such as Omega series and Touch series are not
designed for specific surgical robots, these universal haptic
devices may not be appropriate for real surgical scenarios.
So far, the mechanisms of haptic master manipulator gen-
erally fall into three categories: serial mechanisms, parallel
mechanisms, and serial-parallel hybrid mechanisms. The par-
allel mechanisms and the serial-parallel hybrid mechanisms
typically possess smaller workspace, complex structure, and
less flexibility, which lead to a poor performance of opera-
tion in complex surgery. For serial mechanisms, the position
and posture of manipulator are not completely decoupled.
The pose of manipulator holding point changes with trans-
lational motion although the joints of wrist part are fixed.
This undesirable coupled motion could cause certain effect on
the comfortableness and intuition of operation. In addition,
since all the joints of traditional serial manipulators need
to be considered in the process of kinematics analysis, the
derivation and calculation of the forward and inverse kine-
matics could be more complex. In order to increase the output
torque of active joints, existing haptic devices mainly use
gear reducer to produce a large reduction ratio. However,
gear transmission mechanism with large reduction ratio will
increase the friction moment of active joint, which can influ-
ence the compliance and precision of operation. Besides, the
designed parameters of traditional mechanism are insuffi-
ciently optimized in most cases. Previous researches mainly
concentrate on improving the kinematics characteristics of
master devices used in laparoscopic surgical robots, but
motion precision and structure length capacity factor are
not chosen as the optimization index [23], [26], [27]. The
optimization schemes dedicated to maximize the kinematic
performances of mechanism may generally result in lower
motion accuracy and smaller workspace volume. In regard to
optimization method, particle swarm optimization algorithm
(PSO) has been extensively applied in various parameters
optimization process due to its intrinsic advantages such as
simple algorithm structure, fast searching speed, and rapid
convergence feature. But since the global searching ability of
basic PSO is relatively poor and it sometimes end up with
premature convergence, appropriate modifications should be
made for balancing the local and global searching capabilities
of the basic PSO algorithm [28]-[30].

In this paper, a novel 9 DOFs serial master manipulator
applied to laparoscopic surgical robot system is presented.
The parallelogram mechanism and the active compensation
mechanism are both employed to separate the translational
motion and rotational motions of the holding point. The trans-
mission scheme that integrates the cable-driven mechanism
and the planet-gear speed reducer can further improve the
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(a)

(b)

FIGURE 1. The proposed master manipulator at different viewpoints. (a) Front view. (b) Back view.

compliance of the active joints. The kinematics solutions of
the proposed master manipulator are derived and analyzed.
A mechanism optimization index which takes the manipula-
bility, kinematic accuracy and structure utilization efficiency
of the robotic arm into account is introduced and an improved
PSO with penalty term (PTPSO) is proposed to optimize the
mechanism design parameters.

This paper is organized as follows. In Section II, the mech-
anism configuration of the proposed manipulator is intro-
duced. Section I1I gives the detailed kinematics analysis of the
designed master manipulator. In Section IV, an improved PSO
method is proposed to find the optimal mechanism structure
parameters in terms of a comprehensive optimization index.
Discussions and review of the proposed scheme can be found
in Section V. Finally, in Section VI, the conclusion is drawn.

Il. DESIGN CONCEPT AND STRUCTURE

During the process of RMIS, the slave robot typically repeats
the motions of master manipulator operated by the surgeon
directly. In order to meet the requirements of minimally inva-
sive surgery, the master manipulator is supposed to possess
qualities such as large workspace, decent manipulability, and
the ability to achieve 3 DOFs translational motions, 3 DOFs
rotational motions, and 1 DOF grasping motion. Consider-
ing the performance demands of surgical master devices, a
9 DOF:s serial manipulator is designed in this paper as shown
in Fig. 1. In this section, the coupling relationship between
the position and posture of traditional master manipulators is
analyzed. Besides, the mechanical structure and transmission
scheme of the proposed haptic device are introduced.

A. COUPLED MOTION ANALYSIS FOR THE SERIAL
MASTER MANIPULATOR

In general, it is the inherent characteristics of the serial robotic
arm that lead to the coupled relation between the position and
posture of the endpoint of manipulator. Some existing surgi-
cal master manipulators employ multiaxial concurrent wrist
mechanism to simplify the kinematics analysis. Fig. 2 shows
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FIGURE 2. Kinematic model of the wrist part.

the kinematic model of the wrist part. It can be seen from
Fig. 2 that the links of wrist rotate around the intersection
point of joint axes, so the position of the holding point will not
be affected by the rotational motions of the wrist part. That
is, the adjustment of posture does not change the position of
manipulator’s holding point. However, though providing no
other rotational motion of the manipulator’s wrist, the posture
of the holding point still can change in the course of position
adjustment. Fig. 3 shows the changing situation of the posture
of finger griper when the manipulator locates at different
positions. It can be seen from Fig. 3, for traditional mas-
ter manipulators, the position changes of holding point will
influence its posture. The posture of manipulator’s gripper is
depended on two factors: the rotation angles of wrist joints
and the position of holding point. The coupled relationship
between the position and posture of manipulator results in an
undesirable posture change of the gripper, so that it is difficult
for a surgeon to control the posture of the grippers precisely
during an operation. Considering the surgical application
scenarios of the master manipulators, coupled motion indeed
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(b)

FIGURE 3. The posture of finger gripers when the manipulator locates at different positions. (a) At position 1.
(b) At position 2.

Position,

mechanism

compensation

FIGURE 4. The basic structure of the designed 9 DOFs manipulator. (a) Front view. (b) Back view.

impacts the comfortableness and intuition of the surgeon. In
order to solve this problem, the master manipulator needs
to be designed rationally to separate the position adjustment
mechanism and the posture adjustment mechanism.

B. MECHANICAL DESIGN OF THE MASTER MANIPULATOR
Based on the application scenarios and the performance
requirements of master manipulator used in laparoscopic
surgical robots, the mechanical structure of the proposed
manipulator needs to meet the following requirements.

(1) The manipulator should have good manipulability and
its workspace shall be large enough.

(2) The manipulator should be able to adjust its posi-
tion and posture actively while providing necessary force
feedback.

(3) The position and posture of the holding point should be
mutually independent.

(4) The friction moment of the joints should be low enough.

Based on the above requirements, we designed a novel 9
DOFs serial manipulator which is composed of the position
adjusting mechanism and the posture adjusting mechanism.
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Fig. 4 shows the basic structure of the designed 9 DOFs
manipulator. In Fig. 4, E1, Ep, --- , Eg and M1, M>, - - - , M3
denote the absolute encoders and the motors of 8 active joints,
respectively. From Fig. 4, we can know that the proposed
manipulator is composed of shoulder, upper arm, elbow, fore-
arm, position compensation mechanism, and wrist. For ensur-
ing both the flexibility and comfortableness of operation, the
active joints need to output certain torques to balance the
gravitational torque, friction torque, inertial torque, centrifu-
gal torque, and Coriolis torque of mechanism. Among these
torques, the value of gravitational torque is much greater
than others. As shown in Fig. 4, the driving torque of elbow
pitch joint needs to be large enough to balance the gravity
of forearm, position compensation mechanism, and wrist.
In this paper, the transmission system of elbow pitch joint
synthesizes steel wire and gear reducer to get a large reduc-
tion ratio and increase the output torque, which could avoid
increasing the volume and friction torque of transmission
mechanism. The brake is installed on the shaft of Motor 3 to
ensure the master manipulator would not fall from a height so
that damage the mechanism when the power is failure. Fig. 5
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TABLE 1. D-H parameters for each joint of the master manipulator.

Joint; a;, (rad) a;; (mm) d; (mm) 0; (rad) Motion range (°)
1 0 0 0 7, [-50, 40]
2 0 a, -d, q,-m/2 [-60, 60]
3 2 0 ds A [-70, 70]
4 0 a 0 q, [-70, 70]
5 2 ay ds g [-100, 110]
6 0 as dq g2 [-120, 120]
7 -/2 0 0 q, [-130, 160]
8 /2 0 0 gy T2 [-45, 45]
9 /2 0 0 qy-m/2 unlimited

B~~~ = ————---—- e Posture
angstmg
s mechanism
Position
adjusting
—— mechanism

\\
FIGURE 5. The three-dimensional model of the proposed manipulator.

shows the three dimensional model of the proposed manip-
ulator. In Fig. 5, A1, As, --- , Ag represent the correspond-
ing rotation axes of active joints, respectively. Also, from
Fig. 5, we can know that the position adjusting mechanism
has 4 rotational DOFs and the posture adjusting mechanism
has 4 rotational DOFs and 1 grasping DOF. The rotation angle
of joint 7 needs to be less than 90° to avoid the manipulator
reaching the singular configuration when Ag is coincident
with Ag and joint 5 can extend the motion range of joint 7
by rotating redundantly. Among the 9 DOFs of the designed
manipulator, 8 rotational DOFs are active. The position and
posture of the holding point can be adjusted respectively
by the position and posture adjusting mechanism within the
workspace. In order to eliminate the coupling relationship
between the position and posture of the holding point, paral-
lelogram mechanism and position compensating mechanism
are used in the designed manipulator. Fig. 6 and Fig. 7 show
the decoupling principles of the parallelogram mechanism
and the position compensating mechanism, respectively.

We can see that from Fig. 6, because of the structure
constraint of parallelogram mechanism, link cd is always
parallel to link ab during the movement of the manipulator.
The mechanism can ensure that the axis A4 is always parallel
to A1. In Fig. 7, ZP1, ZP2, and ZP4 respectively denote the
zero references of A, Az, and A4. g1 and gy respectively
denotes the rotational angles of A| and A,. As shown in Fig. 7,
the rotation angle of the position compensating mechanism is
equal to the sum of yaw angles of the shoulder and elbow part
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in the opposite direction. In this way, the yaw angle of the
position compensating mechanism relative to the base coor-
dinate system will always stay fixed regardless of the motion
of manipulator. Under the constraints of the parallelogram
mechanism and the position compensating mechanism, the
posture of wrist turns out to be independent to the position
adjusting mechanism. That is, the position and posture of
holding point are completely decoupled.

IIl. KINEMATICS ANALYSIS

In the process of RMIS, surgeon controls the slave surgical
robots by operating the grippers of the master manipulator.
Essentially, the master device transmits the hand motions of
surgeon to the slave robots through its position and posture.
In order to obtain the position and posture of the grasper,
the forward kinematics solution of the master manipulator
should be derived. During the course of rebuilding the master-
slave mapping, the master manipulator should actively adjust
its position and posture according to the position and pos-
ture of the instrument distal end, which needs to solve the
inverse kinematics equations of the proposed manipulator.
In addition, the kinematics equations relating joint angles to
Cartesian variables are needed for operating a haptic device
and optimizing the mechanical structure parameters.

A. FORWARD KINEMATICS ANALYSIS
In this paper, the direct kinematics equations of the pro-
posed serial manipulator are derived by applying the Denavit-
Hartenberg (D-H) method. The established D-H coordinate
system based on the mechanical structure of the haptic
device is shown in Fig. 8. The coordinate axis Z; coincides
with the rotation axis of the i-th joint. For describing the
motion characteristics of the parallelogram mechanism, a
virtual rotation axis and its corresponding coordinate sys-
tem {X4, Y4, Z4} are established. The D-H method uses four
parameters («;_1, ai—1, 0;,d;) to describe the geometrical
relationship between the (i — 1)-th link and the i-th link.
Table 1 shows the D-H parameters of each joint shown in
Fig. 8. Where ¢g; represents the rotation angle relative to
original position of the i-th link.

After the D-H parameters are determined, the homogenous
transformation matrix of rotary and translation joint relating
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FIGURE 6. The movement characteristics of the parallelogram mechanism. (a) Pitch down. (b) Pitch up.

FIGURE 7. The decoupling principles of the position compensating

mechanism.
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FIGURE 8. Kinematic model of the proposed master manipulator.

the (i — 1)-th link to the i-th link can be defined as follows:

CG,‘ —S@i 0 aj—1
,:,1 T — Seicai_l Ceicol,‘_l —S0i—1 —Soti_ld,‘ (1)
! sOisai—1 cOisai—y  coi—q coi—1d;

0 0 0 1

According to the geometric constraint of parallelogram
mechanism and the operating principle of the active compen-
sation mechanism, we can know that g4 = —¢g3 and g5 =
—q1 — q2.The transformation matrix from base coordinate
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frame to tool coordinate frame is solved as follows:
07 =97 x A1 ... xir

nx Ox ayx  Px

_|R P| |n oy a py

0o 0 O 1

where R is the 3 x 3 rotation matrix and Pis the 3 x 1 position
vector. Synthesize (1), (2), and the D-H parameters listed in
Table 1, the position and posture of the holding point can be
formulated as follows:
[Rii Rz Ri
R=|Ry Ry Rx|,
| R31 Rz Rs3
Ri1 = cq6cqosq7 + cq8sq6599 + cq6cq75985q9
R12 = cq3¢q9sq6 — ¢q65q7599 + €q6¢q7¢49593
R13 = 5q6598 — cqecqicqs
Ra1 = ¢q95q65q7 — €q6¢q35q9 + €q75965q8599
Ry = ¢q7¢q95q6598 — €46¢q3cq9 — 546547599 (3)
Ry3 = —cqe598 — cq1cq8596
R31 = 597598599 — cq71¢q9
R3z = ¢q75q9 + ¢q9sq75qs
R33 = —cqssq7,
ajcqy + dzc(qr + q2) + ass(q1 + q2)
+azcqzs(qr + q2)
P = | aisq1 —as + d3s(q1 + q2) — azeqzc(qr + q2) |,

—asc(q1 + q2)
de — d + ds — azsqs

“

where sg; and cq; are the abbreviation of sin(g;) and cos(g;),
respectively. We can draw two conclusions from (3) and (4):
first, the rotation matrix of the designed manipulator is only
determined by the rotation angles of wrist part (ge, g7, g3,
and g9). Second, the position vector of the designed manipu-
lator is only determined by linkage dimensions (a1, a3, a4,
as, da, d3, ds, and dg) and the rotation angles of shoulder
and elbow parts (g1, g2, and g3). That is, the position and
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orientation of the holding point are decoupled completely
and can be adjusted respectively by the position and posture
adjusting mechanisms. In contrast with the proposed strategy,
the pose of traditional serial master robots depends on all
joint angles, which will greatly increase the complexities of
analysis and computation. In addition, the master manipula-
tor possesses mutually independent position and orientation
adjusting mechanism can provide more comfortable and intu-
itive operating feeling.

B. INVERSE KINEMATICS ANALYSIS

In the active motion process of master manipulator, the
inverse kinematics analysis is used to find the rotation angle
of each joint given the position and orientation of the holding
point relative to the base frame and the values of all of
the geometric link parameters. Suppose the transformation
matrix from base coordinate frame to tool coordinate frame
is known and can be given as follows:

ny  Ox ax  Px
ny oy ay py )
n; 0z 4z Pz

0O 0 O 1

0T=

n

Since the position and posture of the designed manipulator
are mutually independent, the position vector P and the rota-
tion matrix R can be used to solve the joint angles of position
adjustment mechanism (g1, g2, and ¢g3) and posture adjusting
mechanism (g¢, g7, g3, and o), respectively. After combining
(4) and (5), 3 equalities can be obtained to solve 3 unknown
parameters (g1, g2, and g3).

Px —aicqr = dic(qr + q2) + ass(qr + q2)

+aszcqss(q1 + q2) (6)

py —aisq1 + as = dzs(q1 + q2) — azcqzc(qr + q2)
—asc(q1 + q2) @)
p: =ds —dy+ds — azsqs ®)

According to (8), g3 can be solved as:

. de —dr+ds —p;
g3 = arcsin( ),
a3

3 € [@3min> P3max]
)
where gimin and gimax are the minimum and maximum value

of g;, respectively. Squaring both sides of (6) and (7), then
add the results together, we get.

cq1 = a — bsqu,
a=p>+al+(py+as) —di —(azeqs +as)*/2
=pyta y +as 3 3¢q3 + as)”/2pxan,
bzm (10)
Px

According to (10) and the properties of trigonometric func-
tion, the equation for g can be derived as:

(a—bsq)?* +s°q1 =1 (11)
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Then the value of g can be given by (12) and (13).

2ab + \/4a2b> — 4B + 1)(@® — 1)
202+ 1) ’
sq1 € [SCIlmina Sq1max] (12)
(@—bsq1)* +5*q1 = 1 (13)

sq1 =

Combining (6), (7), and deriving the expressions s(q1 +¢q2)
and c(q1 + ¢2), we can get (14).

tan(q1 + g2)
_ s(q1 +q2)

g1 +q2)
_ (a3cq3 + a4)(px — aicq1) + d3(py + as — aisq1)

~ d3(px — aicq) — (azeqs + as)(py + as — aysqi)

Then g> can be derived as follows:

(14)

(azcqz+aq)(px—aicq)+dz(py + as — a1sqy)
d3(px —aicq1)—(azcqz+aqg)(py + as — aisqu)
—q1, 92 € [@2mins @2max]  (15)

g» =arctan|[

At this point, the joint angles of the position adjusting
mechanism are obtained. Based on the analysis above, the
orientation of the designed manipulator has no connection
with the shoulder and elbow parts. So, the posture of the
holding point can also be expressed as:

Ry Ox ax
R=CRSRIRSR = | n, o, a (16)
n; 0z 4

Multiplying both sides of (16) by ¢R) ' x (%R) ", we can
obtain (17).

SR'QR) 'R = IRSR (17)
Expanding both sides of (17), we can obtain.

nz8q7 + nxcqecqr + nycqisqe = $qssq9
075q7 + 0x¢q6Cq7 + 0yCq15G6 = €q95qs
—a;5q7 — axCq6Cq7 — ayCq7sde = Cqs
nyxcqesq7 — n;cqy + nysq6sq7 = cq9
—0xCq65q7 + 07697 — 0ySq6Sq7 = SG9
axcqesqr — azcq7 + aysqesqr = 0
nxsqe — Nycqe = €qgsqo
0xS8q6 — 0yCq6 = €q8Ccqy
axsqe — aycqe = 548 (13)

According to (18) and the properties of trigonometric func-
tion, the following equation can be formulated as:

(sg8599)sq9 + (cq9sq8)cqy = sqs (19)

According to (18) and (19), the following equation can be
formulated as:

Nny0;Cq6 — N;0xCqe6 + ny078q6 — N;0ySq46 = AxSq6 — AyCq6
(20)
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Then g¢ can be derived as follows:
ny0; — Nn;0x + ay
g6 = arctan(————> —

q6 € [g6min> G6max]
ay + n;oy — nyo;

2

Multiplying both sides of (16) by (gR)_l, we can
obtain (22).

CR)™'R = SRIRSR (22)
Expanding both sides of (22), we can obtain (23).
@R 'R
—NxCqe — NySqe —O0xCqde — 0ySq6 —dxCqe — dySqe6
= nySqe — NyCqe  OxSq6 — 0yCqe  AxSq6 — AyCqe

n; 0z az _
6 p7 P8
—C€q9sq71 — €q7548549 47599 — €q7€q9Sqy Cq7Cqs
= cqgsq9 cqscqo 5q3
$q75985q9 — €q7¢q9  €q75q99 + €q95q7598 —Cq85q7 |
(23)

According to (23), the following equation can be formu-
lated as:

_ GRIRSRIG3.3)

tan(q7) = GRIRSR)(1,3)’
_ GRIRSR)(2.3)
tan(gg) = cq7 (gRgRgR)(l, 3)’
6 p7 p8
tan(qg) = GRgRoR)(2. 1) @4

GRIRSR)(2,2)
Then g7, g3, and g9 can be derived as follows:
a
——),
axcqe + aysqe
AxSq6Cq71 — ayCqecqy
—axCqe — dySqe
NxSqe — NyCqe
0x8q46 — Oqu6
So far, all the joint angles of the designed master manip-
ulator are obtained. Based on the analysis above, we can

know that the proposed strategy can simplify calculation and
analysis process of inverse kinematics.

q7 = arctan( q7 € [97min> QTmax] »

g3 = arctan(

)» qs € [CISmina QSmax] s

q9 = arctan( )y q9 € [q9min> q9max] (25)

C. JACOBIAN ANALYSIS

Jacobian matrix is one of the important parameters of robots,
which can describe the relationship between the velocity in
Cartesian space and the velocity in joint space. Differentiation
with respect to time of the results of forward kinematics
analysis yields a set of equations of the form.

V3x1l | _ .
( Wil ) =J(@)q, (26)

where v3yx1 and wsy; are the linear velocity vector and
angular velocity vector in Cartesian space, respectively; g is
an n dimensional vector composed of the joint rates; J(q)
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is a 6 x n matrix which called the Jacobian matrix. The
differential transform method is used to solve the closed-form
expression of the Jacobian matrix. Suppose 1 = [nx, ny, nz],
0 = [ox, 0y, oz], a = [ax, ay, az], and p = [px,py,pZ are
4 column vectors of ;’T, which is the transformation matrix
from the i-th coordinate frame to tool coordinate frame. Then
the i-th column vector of the Jacobian matrix relative to the
tool frame can be derived as:

—hxpy + nypx

—O0xPy + 0yPx

—axpy + aypx 27)
n;
Oz
az

TJig) =

Based on the transformation relation between the base
frame and the tool frame, the Jacobian matrix relative to the
base frame can be derived as:

B _| R 03x3 |7,
J(Cl)—[o3X3 R } Ji(q) (28)

According to (26), (28), and the designed mechanism of the
master manipulator, the velocity of the holding point relative
to the base coordinate frame can be expressed as follows:

A% . . . . . . . . .
<W33X11 ) =319 - (a1, @2, @3 G4, G5, G6s 475 G35 G01” (29)
X

However, the joint angles g4 and g5 are the auxiliary
variables, which cannot reflect the motion of the proposed
manipulator. Based on the characteristics of the designed
mechanism, we can know that g4 = —¢3 and g5 = —q1 — ¢q2,
thatis, g4 = —g3z and gs = —q| — ¢». So, the Jacobian matrix
relative to the base frame can be modified and (29) can be
changed into the following expression.

< 3x1 ) =J@ 41,42, 43, 46, 47, Gs, gol",  (30)
W3x1

where J(g) is 6 x 7 matrix which denotes the modified
Jacobian matrix relative to the base frame. According to the
above analysis, the following equation can be obtained.

1@ = [P@ = PIs(@), B1a) = BIs@).F1s@) — Bata),
B1s@). (@), Bs(a). Blo@] - 31)

Combining (27), (28), and (31), the expression of J(g) can
be formulated as:

[ J, 03%4
J = 32

)] 033y } (32)
K Sq6  —Cq6Sq7 $46548 — €46Cq1Cq8

Jw =10 —cq6 —sq6sq71 —cqesqs — cqicqssqe | (33)
|1 0 cqr —cq8sq7
[Ji Ji2 i3

Jo=|Ja Jn Jna |,
| J31 J2 U3

147815



IEEE Access

Y. Liang et al.: Mechanism Design and Optimization of a Haptic Master Manipulator for Laparoscopic Surgical Robots

J11 = azcqac(q1 + q2) + asc(q1 + q2)
—d3s(q1 + q2) — a15q1

J12 = azeqze(qr + q2) + aac(qi
+q2) — dzs(q1 + q2)

Ji13 = —azs(q1 + q2)5(g3)

Jo1 = azeqzs(q1 + q2) + ass(q1 + q2)
+d3c(q1 + q2) + aicqi (34)

Joo = azeqss(qr + q2) + aas(qn
+q2) + dsc(q1 + q2)

J23 = azc(q1 + q2)s(q3)

J31=0

J3n =0

J33 = —azc(gs),

From (32), (33), and (34), we can know that the linear
velocity vector only depends on the position adjusting mech-
anism and the angular velocity vector only depends on the
posture adjusting mechanism, which is consistent with the
design goal.

IV. OPTIMIZATION OF DESIGN PARAMETERS

One of the important issues for designing the master manip-
ulator used in surgical robots is optimizing the design param-
eters which will influence the operation performance. The
transmission scheme and DOFs configuration of the proposed
manipulator are determined by the application to be carried
out and the optimized object of the designed haptic device
is the link length. In this section, kinematic performances,
positioning accuracy, and structure length utilization ratio
are considered comprehensively in the proposed optimization
index. A modified PSO with a penalty term (PTPSO) is
designed to find the appropriate link lengths of the master
manipulator. The optimized results are compared with the
arbitrary design parameters to verify optimization effects.

A. OPTIMIZATION INDEX DESIGN
As is known, dexterity is one of the key performance indices
for surgical haptic device. The performance index able to
measure the dexterity can be defined as follows:
k= G’”L(J), (35)
Omin(J)
where k is the condition number of the Jacobian matrix;
Omax (J) and opin (J) are the maximum singular value and
minimum singular value of the Jacobian matrix, respectively.
The analytic expression of k is derived in the Appendix.
Since k is a local performance index which can only reflect
the isotropic of motion transmission at a certain location, a
strategy able to measure the dexterity throughout the entire
workspace would be preferable. The global conditioning
index (GCI) is meant to assess the distribution of the afore-
mentioned condition number over the whole workspace [31].
The GCI defined as (36) gives the overall situation of dexter-
ity and can be used as global performance evaluation index
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for the master manipulator.

[ baw
w
[aw '
w

GCI = (36)

where W is a workspace defined in the Cartesian coordinate
system. The smaller the k is, the smaller error magnification
of the motion transmission due to the kinematic and static
transformations between the joint and Cartesian spaces is.
That is, the value of GCI should be positively correlated with
the kinematic performances of mechanism. However, GCI is
the average of global performance which cannot reflect the
fluctuation situation of dexterity over the workspace [23].
When the variance of operating performance index is large,
there will be some areas of the workspace with poor dexterity.
So, the global conditioning mean square error index (GCSEI)
defined as (37) is also introduced as the evaluation criteria for
avoiding the performance deficiencies.

[ — GCr2dw
w

GCSEl = | ———, 37
Faw (37)
W

GCSEI assesses the rangeability of motion transmission
performance over the workspace by means of variance analy-
sis method. The smaller the GCSEI is, the more consistent
the dexterity performance is. In order to comprehensively
evaluate the kinematic performances of mechanism, the opti-
mization index should include both GCI and GCSEI. In this
paper, the fitness function for evaluating the kinematic per-
formances of mechanism can be expressed as follows:

S gaw
1
4(; — Y AW uf/%dW
= GCSEI — GCI = L - ,
Je Tdw [aw
w w
(38)

where f; is the fitness function for the kinematic perfor-
mances of haptic device. Based on the above analysis, the
smaller the f; is, the better overall performance of the mecha-
nism we can get. The motor and planet gear speed reducer are
integrated in each rotating joint to improve the output torque.
However, the planet gear speed reducer has a larger backlash,
which will increase the nonlinearity of motion, and then
increase the positioning error. Since the master manipulator
needs to actively adjust its position and posture during the
operation for rebuilding the master-slave mapping and hom-
ing, the movement accuracy of the holding point in Cartesian
space can have significant effects on the quality and precision
of RMIS. The effects of backlash on positioning accuracy
can be obtained based on the link lengths, backlash size
and forward kinematics. For comprehensively evaluating the
positioning performance of the master manipulator in global
scope, the global precision index (GPI) is employed in this
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paper. In order to describe the motion precision quantitatively,
the minimum positioning error of holding point at a certain
location can be defined as follows:

Cmax = maX(\/(xp —xe)? + Op — Ye)z +(zp — z2)?), (39)

where e, is the defined minimum positioning error; (X, Ve,
Z0) represents the expected position coordinates of holding
point and (xp, yp, zp) represents the possible position coordi-
nates of holding point under the influence of backlash. The
definition of GPI is similar to GCI and can be expressed as
follows:

f emaxdW

w
W (40)
w

GPI is analyzed for assessing the positioning performance
of the designed manipulator. The fitness function for the
kinematic accuracy of mechanism is defined as follows:

[ emaxdW

w

Jfp =GPl = Taw (41)
w

where f, is the fitness function for the motion precision of
the proposed manipulator. By reducing f, we can improve
the localization accuracy of the designed master manipula-
tor. For a master device of the robot-assisted surgery sys-
tem, its reachable workspace volume should be maximal.
However, if the workspace volume is used as optimization
criterion directly, the optimization result will maximize the
link lengths of mechanism. Therefore, both the reachable
workspace volume and the dimensions of links should be
considered as the components of the optimization index. The
structure length utilization factor defined as (42) is the ratio
of the cube root of the reachable workspace volume to the
link length sum of the robot manipulator.

fi= (42)

NI
where f; is the fitness function for the structure length uti-
lization factor of mechanism; V is the workspace volume of
the proposed manipulator; L is the sum of link lengths of
mechanism. A smaller value of f; indicates a better utiliza-
tion of structure length. So far, we have introduced all the
concerned factors and the corresponding evaluation indexes
we want to consider in designing the optimization method.
And because of the special application scenarios of RMIS,
the kinematic characteristics and the volume of reachable
workspace turn out to be more important for the proposed
manipulator. Therefore, when considering the overall opti-
mization function, the weights of f;, f,, and f; are chosen
to be 4, 2, and 1, respectively. As such, the overall fitness
function that takes f, f,, and f; into account can be formulated
as follows:

fk _fkmin ﬁ _flmin

f=4 +2 +
ﬁcmax _ﬁcmin flmax _flmin

f p f pmin

f})max - fpmin

. (43)
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where f is the overall fitness function of mechanism opti-
mization; funin, fpmin, and fipi, are the minimum values of

Ji» fp, and f;, respectively; funax, fpmax, and fimax are the

maximum values of fi, f,, and f;, respectively.

B. IMPROVED PARTICLE SWARM OPTIMIZATION
ALGORITHM DESIGN

After the overall fitness function f is determined, a global
PSO algorithm that takes f as the optimization goal is
designed in search of the appropriate link lengths. Although
the basic PSO has been widely used for searching the optimal
parameters, its capability in global searching still needs to
be improved for avoiding premature convergence. Existing
researches mainly improve the searching performance of the
basic PSO by using constriction factor [32], time varying
nonlinear inertia weight [33], time varying linear inertia
weight [34], [35], dynamic adaptation [36], and random iner-
tia weight [37]. We can assume that the number of particles
is M, the number of iterations is 7 and the dimensionality
of search space is D in the basic PSO model. Then the d-th
dimensional position and velocity of the i-th particle in the
t-th iteration can be respectively defined as x, and v!;. Where
i=1,23,.---,M,t=1,2,3,---,T,andd =1,2,3,---,
D. v§ 4 € [=Vimax> Vmax], Where vyqx is a problem-dependent
constant defined in order to clamp the excessive roaming of
particles. The velocity and position updating rule of each
particle can be given by:

1+1 3 t t t t

VJ =wXvytcn (pia' _xid) +can (gd _xid)’ (44)
t+1 _ ot t+1

Xig = Xig tVig > (45)

where w > 0 is defined as the inertia weight factor; cq
and ¢, are the acceleration coefficients; r; and r, are two
independent random numbers uniformly distributed in the
range of [0, 1]; p!, is the best previous position along the
d-th dimension of the i-th particle in the 7-th iteration; g/,
is the best previous position among all the particles along
the d-th dimension in the #-th iteration. From (44) and (45),
we can know that all the particles follow the best solution
obtained in the search process, which will lead the particles
converge to a certain position and lose the diversity of pop-
ulation quickly. The improved PSO (IPSO) should satisfy
the following requirements for enhancing the comprehensive
performance of the basic PSO.

(1) The IPSO should have strong abilities both in terms of
global searching and local searching.

(2) The TIPSO should not introduce too many extra hyper-
parameters needed to be set.

(3) The IPSO should be intuitive enough and easy to adjust.

(4) The IPSO should be suitable for solving different opti-
mization problems.

As we all know that the excessively concentrated particle
swarm is easy to be trapped in local optima due to the
particles are similar to each other. So the basic PSO should
be improved to avoid the excessive aggregation of particles
without influencing the local convergence speed. According
to the above analysis, we proposed an IPSO algorithm with a
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penalty term (PTPSO) to achieve a trade-off between explo-
ration and exploitation abilities in this paper. The designed
penalty term can dynamically adjust the updating velocity
of particles in terms of the aggregation degree of particle
swarm. In order to introduce the definition of penalty term,
the distance between the i-th particle and the position of the
current optimal solution in the z-th iteration is expressed as
follows:

(46)

where d is the Euclidean distance between the i-th particle
and the position of the current optimal solution in the #-th iter-
ation. For measuring the gathering degree of particle swarm,
the density of aggregation defined as (47) is proposed.

M
21 {d! < ydmax}
l

t— , 47
0 i 47

where p' is the defined aggregation density of particle swarm;
0 < y < 1is the proportionality factor; d,,y is the maximum
straight-line distance in the searching space depended on the
optimization problem. yd,,,x denotes the distance threshold
that can reflect whether the particles are congregating around
the current optimal particle. In order not to affect the per-
formance when the particle swarm searching normally, the
value of penalty term needs to be smaller when p’ is less
than a certain threshold and it needs to increase dramatically
when p! is greater than this threshold. The adaptive punish
coefficient is defined as follows:

af' —Pe — g—Pe

Pec = ﬁ’ (48)

where p. is the coefficient of penalty term; a > 1 is the factor
used for adjusting the curve shape of p.; p. is the critical value
of aggregation density. From (48) we can know that the value
of p. is equal to 0 when p’ is equal to 0, and the value of p. is
equal to 1 when p' is equal to p.. Fig. 9 shows the relationship
between p. and p’ when a and p, take different values.

It can be seen form Fig. 9 that the penalty term can
hardly change the motion of particles when the particles are
relatively dispersive and the effects of penalty term on the
updating velocity of particles are powerful when the parti-
cles are excessively aggregated. In addition, according to the
definition of (47), a higher y indicates that the threshold of
gathering condition is more easily to be satisfied. Therefore,
the value of penalty term should decrease with increasing
y. Based on the above analysis, the velocity and position
updating rule of IPSO can be formulated as follows:

via b= wx vy + e (Pl — xlg)
penalty term
(1 B V)Vmax
+cara (g4 — xy) +chr3, (49)
xig =g+ (50)
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FIGURE 9. The relationship between the punish coefficient and
aggregation density.

where r3 is the independent random number uniformly dis-
tributed in the range of [0, 1]. We can learn form (49) that
the proposed IPSO algorithm is sample in structure and
can dynamically adjust the motion of each particle after the
parameters y, a and p. are determined. The added hyper-
parameters are well-defined, intuitive and easy to be set.
In order to evaluate the proposed PTPSO algorithm, four
non-linear benchmark functions are used here. The detailed
information of the test problems are given in Table 2. In this
section, the proposed strategy is compared with some PSO
variants studied in the relevant literatures and Table 3 shows
the summary of modified PSO algorithms analyzed in this
paper.

For each minimization test problem shown in Table 2, x*
is the best solution to the test problem and f(x*) denotes
the corresponding optimum fitness value for that function.
Table 3 shows the differences between the PSO variants
analyzed in this paper and the basic PSO and the relevant
parameter values of each algorithm. In order to investigate
the performance of the optimization algorithms, the strategies
listed in Table 3 are used to search the optimal solutions of
benchmark functions in the Table 2. For all the optimization
algorithms mentioned above, the number of particles (M) is
50 and the number of iterations for each run (7") is 1000.
Other parameters of the optimization algorithms are shown
in Table 3. All the optimization algorithms are simulated on
the same computer and software. The optimization results for
each algorithm on each benchmark function are analyzed in
this paper. Fig. 10 shows the means and the standard devi-
ations of the benchmark function values found in 100 runs.
Note that the calculation results of the proposed scheme in
Fig. 10(d) are magnified 20 times for comparing the per-
formance of different strategies more clearly. It can be seen
form Fig. 10 that the optimized results of PTPSO algorithm
(p3) have smaller means and standard deviations than other
PSO variants introduced in this paper, which indicates that
the proposed strategy has more stable and powerful searching
performance. By setting the parameters y, a, and p, properly,
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TABLE 2. The benchmark functions employed for testing.

Name Test function Dimension  Search space x Ax)
D D
1
Griewank _ZZH )+ 50 - P [00] 0
riewan 7000 2 x? g cos(\/;l) 1 [-500, 500] [0,-+-,0]
IS =1 =1
Rastrigin Z (x?-10 cos(27x;) +10) 5 [-20, 20]D [0,---,0] 0
=1
12
Ackley -20 exp -exp <BZ cos(27rx,-)> +20+e 20 [-30, 30]D [0,--,0] 0
=
D
Sphere Zx,? 30 [10,10]°  [0,-0] 0

TABLE 3. Different PSO variants to be compared.

Label Different strategies Parameters setting Reference
P, Basic PSO w=0.9, ¢;=¢;=2, V0 =2X -
Via =k[Vigrerr (plxig) +eara (gl xia)] _ o
P, — 2 p=4.1, c;=c,=2.05 [32]
ere k=—————, p=ctc,, p>4 Vipax =X,
e o
p.r3 l_y Viax
v =wisren @ ren(E ) =75 Ww=0.729, ¢, =c,=1.49445, a=10° .
P 2 PegPe $,=0.99, 7=0.05, V0= ax This paper
Where p = T
—p. L. qgiter Wlm'tml:()'9’ c]:cZ:2
P4 W=Winitiall 1u=1.001 s vmaxzzxmax [33]
iter,, . -iter Wiax=0.9, W,,,;,=0.4, ¢, =c,=2
PS = W (Wmax'wmln)+wmm ) Vorar :mezlx ? [34, 35]
Winitiar=0.729, ¢;=c,=2
P6 Wf':Wmiz[al_a(l_hj) +ﬁ5 a:ggalﬂ:OA v ! :22x [36]
d . IX max
P, weo.5+ 0 =12, VsV [37]

the proposed PTPSO is suitable for solving different opti-
mization problems. In this paper, the optimization algorithms
are considered to have converged when the change of fit-
ness value is less than 1076, The number of iterations when
the algorithms achieve convergence is analyzed and Fig. 11
shows the means and the standard deviations of the iterations
found in 100 runs.

Fig. 11 shows that the modified PSO algorithm p> has bet-
ter convergence performance, which also is verified by [32].
However, the global searching ability of p> is not fully uti-
lized and the fitness values found by p> have higher means
and standard deviations. The proposed improved strategy is
equivalent to add the designed penalty term on p,, which can
balance the local and global search capabilities and improve
the comprehensive performance of optimization algorithm.
Compared with p», the proposed scheme (p3) needs more
iterations to achieve convergence but can get better optimiza-
tion results. During the course of the experiments, it was also
found that the searching advantages of the proposed PTPSO
become more obvious when the searching space and dimen-
sions of test problems are greater. According to the analysis
above, the proposed strategy has excellent performance and
can be used for solving the mechanism optimization problem
of designed master manipulator.
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C. MECHANISM OPTIMIZATION RESULTS ANALYSIS
In this section, the dimensions of links are optimized based
on the proposed optimization index by utilizing the PTPSO
algorithm. Among all the linkage dimensions, a4, as, da,
ds, and dg are limited by the structural requirements of the
proposed master manipulator and have small variation range.
In addition, we can know that the Jacobian matrix of the
proposed mechanism has no connection with as, d», ds, and
de from (33) and (34). So, aj, a3z, and dsz are optimized in
this paper to improve the comprehensive performance of the
designed master device. Other parameters can be initialized
reasonably based on their range in the beginning of design.
Table 4 shows the basic information of the fitness function
and optimization algorithm. Based on the basic information
shown in Table 4, the fitness function f was optimized by
utilizing the proposed PTPSO algorithm to search the optimal
linkage dimension. Then the optimized results were analyzed
and the iterative process of f is shown in Fig. 12(a) and the
iterative processes of fi, f;, and f,, are shown in Fig. 12(b).
From Fig. 12, we can know that the fitness value of f
decreases with iterating and converges within 20 iterations.
The kinematic performances, link utilization and motion pre-
cision are improved after optimizing. As shown in Fig. 12(a),
ap = 285.997, a3 = 280.933, and d3 = 130.030 at the first
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FIGURE 11. The means and the standard deviations of the iterations
found in 100 runs.

iteration and a; = 324.238, a3 = 317.076, and d3 = 50.000
at the last iteration. In order to verify the effectiveness of the
proposed strategy and evaluate the effects of optimization,
the overall performances of mechanism at the initial and final
iteration are compared. Since the distribution of conditional
number in workspace can reflect the dexterity of mechanism
and the reachable position lies on the lengths of links and the
joint angles of position adjustment mechanism (g1, ¢, and
q3), the reciprocals of conditional numbers (1/k) under dif-
ferent joint angles as shown in Fig. 13 are analyzed to evaluate
the optimization results. In the each process of analysis, one
certain joint angle is fixed and the optimization results of the
initial and final iteration are compared.
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FIGURE 10. The means and the standard deviations of the benchmark function values found in 100 runs.
(a) Griewank function. (b) Rastrigin function. (c) Ackley function. (d) Sphere function.

The distribution maps shown in Fig. 13 point out that the
reciprocals of conditional numbers at the initial iteration are
lower than the reciprocals of conditional numbers at the final
iteration, which indicates that the optimized mechanism has
better isotropy and operability. Similar to the analysis above,
the motion precision performances of mechanism at the initial
and final iteration are studied in Fig. 14. Note that e,y
shown in Fig. 14 denotes the maximum positioning under
the influence of backlash. From Fig. 14, we can know that
the manipulator has higher positioning error at the initial
iteration, which verifies the optimization process can improve
the kinematic accuracy of mechanism effectively. In order to
evaluate the structure length utilization factor of mechanism
with different link dimensions, the reachable workspace vol-
umes at the initial and final iteration are compared. Fig. 15
shows the shape and volume of the reachable workspace and
the sum of link lengths of these two mechanism settings,
respectively.

From Fig. 15, we can know that the reachable workspace
and the sum of link lengths are 1.6948 x 108mm?3 and
696.960 mm respectively at the initial iteration and 1.9535
x 108 mm3 and 691.314 mm respectively at the final
iteration. That is, the optimized mechanism can achieve
larger workspace with smaller link lengths and has higher
utilization of structure length. Based on the above anal-
ysis, the dimension parameters of the proposed master
manipulator can be determined. Among these parameters,
ay, az, and d3 can be determined according to the opti-
mization results, a4, as, d», ds, and dg can be deter-
mined by the structural constraints and the manual operation
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TABLE 4. The basic information of the problem to be optimized.

Parameter names

Parameters setting

Optimization algorithm
Fitness function

Dimension
Search space
Population of particles
Maximum iterations

PTPSO
fk-fkmin 12 fl-fl‘min + f;-j;””'"
f}max-flmin f;‘zmax-]:)min
3
a,€[250, 350], a5€[250, 350], d5€[50, 150]
10

4

kmax -fkmin
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FIGURE 13. The distribution maps of the reciprocals of conditional numbers under different joint angles. (a) g; = 0°, g, € [-60°,
60°], g5 € [-70°, 70°]. (b) g, = 0°, q; € [-50°, 40°], g5 € [-70°, 70°]. (c) g3 = 0°, q; € [-50°, 40°], g, € [-60°, 60°].

25 20 Tl - 20
Initial iteration 19 nitial iteration 18 B

20 E = Initial
E E i E 16 iteration
T3 =17 E

i E zl4
=10 l‘:16 .ﬁlz

- Final
2 14 10 iteration

g s
S g, s

o s
Sy his T

OS1

oo
05 ad)
g,

1
0.5 0.3

: 0
0 0.5
0.5 ead)

q \U’«&

7 05
2lag M5

(b) (c)

FIGURE 14. The maximum positioning error under the influence of backlash. (a) g, = 0°, q, € [-60°, 60°], g5 € [-70°, 70°].
(b) g, = 0°, q; € [-50°, 40°], g5 € [-70°, 70°]. (c) g5 = 0°, q; € [-50°, 40°], q, € [-60°, 60°].

requirements of the master manipulator. According to the
demands of processing, assembling, and actual operation,
the value range of a4, as, da, ds, and dg are determined
and shown in Table 5. Synthesizing Table 1, Table 5, and
the optimization results, all D-H parameters of the designed

VOLUME 7, 2019

manipulator are determined. Theoretic analysis and simula-
tion results indicate that the comprehensive performances of
the designed manipulator can be enhanced significantly by
applying the proposed optimization index and the PTPSO
algorithm.
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FIGURE 15. The shape and volume of the reachable workspace and the sum of link lengths at the initial and final iteration.

(a) Initial iteration. (b) Final iteration.

TABLE 5. The value range of dimension parameters.

Parameters ay as

dz d5 d(,

Value range [25, 50] [160, 170]

[70, 80] [60, 70] [160, 170]

V. DISCUSSION

In this paper, a novel 9 DOFs master manipulator is designed
and optimized for the applications of the laparoscopic sur-
gical robots. For most of the traditional serial manipulators,
the inherent mechanical characteristics can bring about cou-
pled phenomenon between the position and posture of the
holding point (as shown in Fig. 3), which may to a certain
extent affect the comfort and intuition level of the surgeon’s
operation. Meanwhile, all the rotational joints of the proposed
manipulator are active and the wire transmission and gear
transmission are both employed for strengthening the output
torque of the elbow pitch joint (as shown in Fig. 4 and
Fig. 5). In the section III, the forward kinematics, inverse
kinematics, and Jacobian matrix of the proposed manipulator
are derived and analyzed. The results of kinematics analysis
indicate that the position and posture of the holding point
are mutually independent, which verifies the rationality and
validity of the manipulator mechanism design. In order to
study the performances of the designed master device com-
prehensively, an optimization index which considers the kine-
matic performances, motion precision, and structure length
utilization of the mechanism is proposed in the section IV. An
improved PSO with a penalty term is presented for enhancing
the searching performances of the optimization algorithm.
We also compared the proposed PTPSO algorithm with other
PSO variants and Fig. 10 shows that the proposed PTPSO
algorithm can obtain smaller means and standard deviations
of the fitness functions. To finally verify the optimization
performance of the proposed method, we take ap, az, and
ds as the optimized objective and Fig. 12 shows that the
fitness value of the proposed optimization index decreases
rapidly from the beginning and converges within 20 itera-
tions. By extracting the link dimensions after the first and
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final optimization iteration (which is a; = 285.997, a3 =
280.933, and d3 = 130.030 and a; = 324.238, a3 =
317.076, and d3 = 50.000, respectively) as two different
mechanism settings, several contrast experiments were also
carried out for detailed comparison in terms of the dexterity,
positional accuracy and structure length utilization of the
mechanism (As shown in Fig. 13, Fig. 14, and Fig. 15,
respectively).

In future research, we will analyze and optimize the
proposed manipulator further. The missing parts of in this
research will be studied. In addition, we will try to design
a slave robot for the robot-assisted surgery systems and
research the master-slave control algorithm.

VI. CONCLUSION

In this paper, a novel haptic master manipulator applied to
the laparoscopic surgical robots is introduced along with
its mechanism design and optimization method. The pro-
posed master manipulator has larger workspace volume
and better flexibility than parallel and serial-parallel hybrid
mechanisms. To eliminate the coupled motion exists in the
mechanism, the parallelogram mechanism and the position
compensation mechanism are both adopted in the designed
manipulator, through which the position and posture of the
holding point can be decoupled completely. Wire trans-
mission and gear reducer are both employed to avoid the
extra volume and friction torque increment of the trans-
mission mechanism. The derived kinematics solutions show
that the proposed strategy could significantly reduce the
computational complexities along the kinematics analysis.
To better optimize the mechanical settings of the proposed
manipulator, a mechanism optimization index that consid-
ers the global kinematic performances, global positioning

VOLUME 7, 2019
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accuracy, and structure length utilization is proposed along
with an improved PSO algorithm that contains a penalty term
(PTPSO). Results of the comparative experiments between
the PTPSO algorithm and other PSO variants have shown
that the proposed strategy can balance the local and global
search capabilities and improve the performance of the opti-
mization algorithm synthetically. Finally, the dimensions of
links are optimized based on the proposed optimization index
by utilizing the PTPSO algorithm and additional contrast
experiments have demonstrated that the kinematic perfor-
mances, movement precision and structure length utilization
of the mechanism are actually improved after applying the
optimization method.

APPENDIX

According to (35), the condition number of the Jacobian
matrix (k) can be calculated by using the maximum and
minimum singular values of the Jacobian matrix. However,
it is very difficult to solve the singular values of the Jaco-
bian matrix by using the analytical method. In this paper, in
order to derive the analytic expression of k and reduce the
calculation, the condition number of the Jacobian matrix is
calculated by the following expression.

k=11 (51)
where ||-|| denotes any norm of its matrix argument. In this
paper, the Frobenius norm is adopted to calculate k.

I = ver(TJ) (52)

After combining (51) and (52), the condition number of the
master manipulator can be expressed as:

k = ((2dicqi + aja3 + 2d3a; + ald; — aldieqs

+atdieqs — a%d%cq% + Za%dgcqg + 4aga4cq3

- a%a4d3s(2q2) + 2a1a§cq3sq2 + Za%agcq%cqg

+ 2a1a§a4sq2 + 261%6!361406]%06]3 + 2a1a%d3cq2cq%
—2aja3dscqreqssq)/(adseqs(aieqs — dscqs

+ d32 + a%cq%cq% + 2a3a4cq%cq3 — 2a4d3cqasqr
— 2a3d3cqch3sqg)))l/2 X (2a§cq§ + a% + a%

+ Zaﬁ + 2d32 + 2ay1a45q2 + 4azaacqz + 2a1dzcqn

+2a1azeqzsg)'’? (53)
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