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Abstract— Robotic telesurgery systems, including master
and slave robots, have emerged in recent years to provide
benefits for both surgeons and patients. Surgeons use the
master manipulator to navigate the slave robot. The Sinasex
telesurgery system introduced recently by Sina Robotics and
Medical Innovators Co., Ltd. consists of two main subsystems:
master robotic surgery console and slave surgery robots. As the
surgeon use the master robot’s handles to control the slave
surgery robots, it is important for the master robot to provide
the ergonomic postures for the surgeon and also providing a
large enough workspace and good manipulability for the
surgeon to control it. So in this paper, workspace,
manipulability and isotropy of each handle at the master robot
of the Sinarex telesurgery system are analyzed. To this end, the
kinematic of the master manipulator is derived, and its
Jacobian is calculated. Using the simulation environment, the
workspace of the master handle is obtained and drawn. The
manipulability of the robot for each points of the workspace is
computed. According to the results attained from the
simulation study, the most manipulability values lie between 0.1
and 0.9 where it is greater than 0.44 for more than 50% of the
whole workspace points of the end effector, which is as large as
574x484x560 mm.

I. INTRODUCTION

Telesurgey has gained attention recently as one of the
important surgery techniques because of its advantages for
both the patients and surgeons over the laparoscopic and
conventional surgery. Two main subsystems of the robotic
surgery systems are the master and the slave manipulators.
Surgeons use the master part to navigate and control the slave
manipulator, which does the surgery on the patient. To
provide the dexterity and an ergonomic state, the workspace
of the master manipulator should be big enough and
dexterous [1, 2].
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Various master robots have been designed with the aim of
the telesurgery. The most famous surgical robotic system is
daVinci surgical system (Intuitive Surgical Inc., Sunnyvale,
California, United States) whose master manipulator is an 8-
DoF serial robot employing cable driven and gear
transmission mechanisms [3]. The master part of the
Senhance surgical system (Asensus Surgical Inc., Miami,
Florida, United States) utilizes haptic handlebars [4]. An 8-
DOF serial manipulator is proposed in [5] including arm,
wrist and clamp mechanisms. the position is adjusted using
the first three joints, and the orientation and the clamp motion
are determined by the rest of the joints. A 7-DoF serial
manipulator including gripping DoF is proposed by Lee et. al
[6], where two revolute and one prismatic joints are used to
control the RCM position and a gimbal mechanism provides
3 rotational DoFs. In [7, 8](a modified version of the 5-DOF
Haptic Wand [9]), a parallel mechanism, is proposed. This
mechanism comprises a dual-pantograph arrangement, which
provide 5 DoFs including 3 translation and 2 rotation DoFs,
the cable-driven differential transmissions and DC motors
enabling yaw angle and grasping. Due to their accuracy in the
position and force-feedback as the input and output, haptic
interfaces are used as the master manipulator in robotic
surgical systems like Raven-II [10, 11] which uses a 6-DoF
PHANTOM haptic interface, and the DLR Miro-SurgeHaptic
which employs a 7-DoF Omega.7 haptic interface including
grasping DoF [12, 13]. These haptic devices employ either
the serial mechanisms (like PHANTOM series haptic
interface) or the parallel mechanisms (like Omega.7 and
Sigma.7). Each of these types of the mechanisms has the
advantages and disadvantages. The serial mechanisms
provide a large workspace, dexterous operation, and
relatively easy solution for forward and inverse kinematic
equations, while they have relatively the small mechanical
stiffness, high inertia, and a large end effector position error
[14]. Contrary to the serial mechanisms, the parallel
structures offer the large stiffness, small inertia, small error in
end effector position, and fast dynamic response. However,
their workspace is relatively small, and the forward and
inverse kinematic equations have complicated solutions. To
overcome these limitations, the hybrid mechanisms, a
combination of serial and parallel structures, are introduced
[14]. However, providing the rotational force feedback is not
straightforward in such mechanisms. A hybrid master
manipulator is proposed by Li, et. al [15], in which the
parallel part is responsible for the position control and the
redundant serial part is used for the orientation control. A 9-
DoF manipulator is presented in [1], in which a parallelogram
and an active compensation mechanisms are used to separate
translational and rotational DoFs.
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Sinage, robotic telesurgery system [16] (Sina Robotics and
Medical Innovators Co., Ltd., Tehran, Iran) is a new
telesurgery platform which has been developed to accomplish
the remote surgery aims. As the other telesurgery robotic
systems, Sinag.. has the master console and the slave part.
Despite the other telesurgery systems, this system provides
adjustable master console, from sitting to standing, to make
the convenient states for the surgeons. Besides, it has a three
DoFs force feedback mechanism to help the surgeon feels the
kinesthetic forces in contact with the environment. The
master robotic console has 19 DoFs comprising 7 DoFs for
each handle itself designed by employing hybrid
mechanisms. The slave robotic subsystem has 35 DoFs
comprising 7 DoFs for each surgical robot. The technical
information of each part is discussed in [16]. As it is
mentioned before, the workspace and dexterity analysis is
crucial for the master manipulator to prove it is ergonomic
and functional.

This study, to the best of the authors’ knowledge, is the
first study in which the master robot of the Sinag.. robotic
telesurgery system [16] is analyzed. The main purpose in this
study is the workspace and manipulability analysis of the
master manipulator in Sinage, robotic telesurgery system. To
this end, first, the kinematic equations and the Jacobian
matrix of the master part are derived. Then, the workspace is
obtained and finally, the manipulability of the robot is
investigated.

This paper consists of 7 sections. The master manipulator
is introduced in section 2. The kinematic model is derived in
section 3. The workspace and the manipulability are analyzed
in sections 4 and 5, respectively. The simulation results and
discussion are explained in section 6, and finally the
conclusion and future work are drawn in section 7.

II. SYSTEM OVERVIEW

The master robot of the Sinag.. telesurgery system (Fig. 1)
consists of two handles each of which has 7 DoFs. Each
handle consists of two parts: a semi-parallelogram
mechanism and a serial spherical robot (Fig. 2). The
Cartesian position and the orientation of the handle are
specified by the first and second parts, respectively. The
spherical part is rotated around the RCM which is located at
the intersection of the spherical part joints axes and the
extension of the last link of the semi-parallelogram
mechanism. To provide a 3 DoF haptic force feedback, three
motors are mounted on the 3 active joints of the semi-
parallelogram part. Three encoders are used at the next three
joints to read the angles to provide the orientation
information.

The kinematic model of each handle is derived for the
parallel and series mechanisms separately and then the
equations are merged. The details are explained in the
following.

A. Kinematic Model of the Semi-Parallelogram Part

The reference frame is defined at last joint of the semi-
parallelogram part, which is called the end effector of the
semi-parallelogram mechanism (eel). As the first step to
analyze the kinematic of this part, local frames are defined

El
Fng)

The SINAq robotic telesurgery system, left: the slave robot,
right: the master robot [17].

Figure 1.

Semi-parallelogram Part

Figure 2. The handle of the master manipulator.

for each active joint. The rotation matrix between the eel
frame and the reference frame is calculated as:

0 _ 0 1
Reel_ Rl Reel

R, = Rot(z,6,) = "Rpey =
'Roe1 = Rot(x,—63)
cos(6;) —cos(03)sin(6;) —sin(63)sin(6,)
sin(f;) cos(f3)cos(8,)  sin(65)cos(6;) (1)
0 —sin(63) cos(63)

B. Kinematic Model of the Spherical Part

Since the spherical part is a serial mechanism, the
conventional Denavit-Hartenberg (D-H) method is employed
to derive the kinematic equations for this part. Table I. shows
the D-H parameters. The ee frame is considered at the RCM.
The rotation matrix between the RCM and the considered
reference frame for the gimbal mechanism (0y) is calculated
as:

2)

0 0gr 10 2 [Tn T2 T13l
Ree = "Ry "Ry “Rge = [T21 T22 723
731 T32 733
1 = CyawSroll + Syawspitchcrolla T2 = CyawCroll -
Syawspitchsrollarw =
Cyawspitchcrolla T2 = SyawCroll + Cyawspitchsrolla T3 =
Cyawcpitcha 31 = Cpitchcrolla 32 = _Cpitchsrolla 33 =
Spitch

_Syapritcha 1 = SyawSroll +

s
ogp1 = Rot (z, Opitcn + E) Rot(x, a;)

1 I
R, = Rot (z, Oyaw + E) Rot(x, ay)

zRee = Rot(z,0ro1)
in which, € = cos and S = sin.
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TABLE L. THE DENAVIT-HARTENBERG PRAMETERS.

The Denavit-Hartenberg
i Parameters
d; 0; a1 @i q

i3
1 0 Oyaw — 5 0 0
T frd
2 0 Opitch — 5 0 5
3 0 6 0 z
3 2

C. Kinematic of the Whole Mechanism

As the first step, the rotation matrix between frame 04and
the frame eel (°°’R 0 ) is derived for the manipulator using
the kinematic model of the robot as:

eelRogzeelesRog (3)
Then, using (1), (2) and (3), °R ., is calculated as:
0
°R ee = °R eel IR 0g ‘R ee “)
III. THE WORKSPACE ANALYSIS

To show how much dexterous the master robot is, the
workspace of the end effector (the point where the operator
moves) is obtained. To this end, the position of the end
effector ( °P ) is calculated for different angles of the joints.
Since the end effector moves on a sphere with the center of
RCM, the end effector position can be derived as:

0
OPEE=0PRCM+0Ree[O] ®)
TEE

where  °Ppey = [Xrem Yrem Zrem]” and rgp is the
distance between the RCM and the end effector.

To evaluate the dexterity of the master manipulator,
different indices are introduced in the literature such as the
condition number (isotropy), the manipulability, and the
minimum singular value [2, 18]. In this paper, the condition
number (isotropy) and the manipulability are calculated for
the Sinag., master manipulator as:

Imax
Omin (6)
Manipulability: I, = 1/1;

Condition number: I, =

where, 0, and o,,,, are the smallest and largest singular
values of the Jacobian matrix (J), respectively. The condition
number lies between 1 and oo, where value 1 shows the
isotropic configuration. To calculate the Jacobian, the method
proposed in [19] is employed. This process is described in the
following section.

To investigate the manipulability over the whole
workspace, the global conditioning index (GCI) is used.
Since the manipulability is calculated discreetly (the process
is explained in section V), the discreet GCI is calculated as:

GCl=YN,I,/N @)

in which, N indicates the number of the workspace points
where the manipulability is calculated.

A. The Jacobian Calculation

In this method [19], two parts of the Jacobian (8), J,, and
Jw, which are related to linear and angular velocity, are
calculated independently. As the first step, the matrix L, is
defined as (9).

03x3]

[Uv]3><3
= 8
1= UaJaxe ®)
L =10 H,./06, 0 °H .0/ 06,] 9)
OR OP
where, °H ,, =[ ee ReM |
013 1

Then, J, is calculated as follows:

Jo =Lp,p =166 ®

0
0
0 (10)
1

To derive J,,, the inverse of °H,, is calculated. By
defining J,, = L; °He ' in which i is the it 4 X 4 block
of matrix L, J, is calculated as follows:

Jo =
-1 -1 -1 T
[(Li OHee )(3,2) (Li OHee )(1,3) (Li OHee )(2,1)] (11)
IV. SIMULATION RESULTS

For the simulation analysis, MALAB 2019b (MathWorks,
Massachusetts, United States) is used. To derive the
workspace, the roll axis is not considered due to the
symmetry. The position of the end effector (EE) is calculated
for different values of (6, 05,03, 04w, Opitcn), Where no
collision exits. Fig. 3 shows the obtained workspace.

To represent the manipulability, using (8) to (11), the
Jacobian is calculated for each set of angles
(601,07,03,0,4, 0piecn) in the workspace. Then by
exploiting the singular value decomposition method, the
singular values containing the minimum and maximum
values are obtained for each values of the Jacobian. Finally,
the manipulability is calculated using (6). Fig. 4 shows the
manipulability values in the Cartesian space. As it can be
seen, the order of the manipulability values is 10", The closer
the manipulability values to 1, the more isotropic and
dexterous the robot is. The iso-manipulability points of the
workspace in X-Y, Y-Z, and X-Z planes are plotted in Fig. 5.
The calculated value of GCI for 508200 points in the
workspace using (7) is 0.44.

V. CONCLUSION

In this paper, the kinematic of the novel master robot of
the Sinag., robotic telesurgery system is obtained. This robot
comprises two parts including a semi-parallelogram
mechanism and a serial spherical mechanism. The kinematic
of the whole mechanism is represented by merging the
obtained kinematics of each mechanism. Using the
homogenous matrix, the Jacobian matrix is derived and the
manipulability of the robot is analyzed. The simulation
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results show that the manipulability is between 0.1 and 0.9,
and the GCI value is 0.44 for the whole large workspace
which is 574x484x560 mm. These results prove the
dexterity and functionality of the master robot during the
telesurgery operations. As the future work, the
manipulability of the master robot will be investigated
experimentally in the operable space by defining some tasks
similar to the surgical tasks like suturing.

Figure 3. The workspace of the handle for different values of the joints’
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Figure 4. The manipulability values for the different points of the

workspace.
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Figure 5. The iso-manipulability points of the workspace in different
planes.

In this study, niether human subjects nor animals are
involved.
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