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Abstract: Master robots are integral components of teleoperated robot-assisted minimally invasive surgery sys-
tems. Among them, parallel mechanism-based 6-degree-of-freedom master robots are distinguished by low inertia
and high-force feedback. However, complex kinematics and singularities are the main barriers limiting its usage.
This study converts the Hexa-type 6-RUS mechanism into a master robot to construct master-slave teleoperation
system. The clinical background is briefly introduced and a representative surgical robot is employed to analyze
the master-slave mapping relationship. The inverse/forward kinematics, the Jacobian matrix, and the translation
and orientation workspace are derived as the bases of master robot’s application. The architecture parameters are
optimized by the global transmission index to achieve better motion/force transmissibility. Based on the optimal
result, the prototype and the master-slave control loop are constructed. Finally, the corresponding master-slave
teleoperation experiment and model experiment demonstrate that the proposed master robot satisfies the basic
need for medical application.
Keywords: master robot, master-slave teleoperation system, surgical slave robot, master-slave control
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0 Introduction

As society ages, the demand for surgical interven-
tions has been increasing steadily over the years. To
address such significant demand, robot-assisted mini-
mally invasive surgery (RMIS) has emerged as an ef-
ficient solution, providing the benefits of shorter oper-
ating time, smaller incisions, less bleeding, less pain,
and faster recovery. As illustrated in Fig. 1, in a stan-
dard RMIS procedure, the surgeon controls the master
robot to issue commands to the slave robot (surgical
manipulator) and maneuver its movements while re-
ceiving visual and touch feedback[1]. In medical field,
the slave robots always consist of multiple joints and are
equipped with multiple surgical instruments, therefore
containing multiple degrees-of-freedom (DOFs). Com-
monly, with multi-DOF slave device, the intuitive con-
trol requires the master device equipped with more
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DOFs. In our practice[2], commercialized 3 DOFs mas-
ter robot Falcon presents limits in complex RMIS, while
6-DOFs master robots are better suited for the surgi-
cal slave robots with multi-instrument operations and
multi-DOF motion. Therefore, there is an urge need to
design a 6 DOFs master robot to accommodate with
the multi-DOF requirement of medical slave robot.

Master robot

Slave robot

Fig. 1 Scheme of the robot-assisted minimally invasive
surgery.

In recent years, various 6-DOF master robots have
been proposed to facilitate remote-control operations,
which can be broadly classified into three cate-
gories of mechanisms[3]: serial, parallel, and hybrid.
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Compared with serial and hybrid ones, parallel manip-
ulators (PMs) gain significant attention due to their
high precision, fast response, and low inertia. Further-
more, the master handle fixed in the moving platform
is more in line with human operating habits. Several
investigations around parallel mechanism-based 6-DOF
master devices have been proposed. Abeywardena and
Chen[4] implemented a three-legged 6-DOF PM (i.e.,
MEPaM) as a master robot, whose leg is actuated by a
2-DOF planetary-system, and the motion/force is then
transferred into the moving platform by several single
DOF joints. Vulliez et al.[5] designed a novel 6-DOF
master robot by combining two delta robots. The in-
ner one connecting with the master handle provides 3-
DOF translation, and the outer one enables the han-
dle of a 3-DOF rotation by assembling a ball-screw
joint. Jin et al.[6] enhanced a complete 6-DOF par-
allel mechanism with grasping capacity by adding two
opposite prismatic joints and decoupling the grasping
from the yaw motion by employing three auxiliary par-
allelograms, resulting in a 7-DOF master robot with all
actuators fixed to the ground. However, the structures
mentioned above take up relatively large volumes and
are not adaptable for RMIS. Hence, there is an urge
need to develop a compact, lightweight, and ergonomic
master robot suitable for surgical interventions.

Among 6-DOF PMs, the 6-RUS Hexa-type PM has
gained popularity in industries[7] with its high flexi-
bility and light mobile platform. Six-RUS Hexa-type
PM is a direct extension of the delta robot. However,
the complexity of forward kinematics and the occur-
rence of singularities cast a shadow over its applica-
tion. Yang et al.[8] have proposed different approaches
to address this issue. Kühne et al.[9] added two extra
RUS links to classical the 6-RUS Hexa-type PM, creat-
ing a novel redundantly-actuated octopod-type mech-
anism and defining quantitative criteria to optimize
its performance. Lambert and Herder[10] adopted an
optimization method based on the condition number
of the Jacobian matrix called local conditioning in-
dex (LCI), which is commonly used in serial robots to
avoid singularities. However, the redundantly actuated
limbs increase the structural complexity and restrict
the workspace. At the same time, the LCI index varies
according to the coordinate frame and has limitations
when applied to PMs[11]. In addition, the proposed
master robots are lack of master-slave teleoperation ex-
periments combined with actual slave surgical robot.

Accordingly, this paper presents a 6-RUS Hexa-type
master robot for RMIS. The clinical background and
the representative slave surgical robot are introduced.
The Jacobian matrix and inverse/forward kinematics of
the master robot are derived effectively, and the trans-
lation and orientation workspace are determined by in-
tegrating the geometric and numerical methods as the
basis of master robot usage. Based on the global trans-

mission index (GTI), the dimension synthesis is car-
ried out for better motion/force transmissibility. The
prototype is constructed based on the optimized re-
sult and the master-slave control system is constructed.
The effectiveness of the proposed system is validated
through corresponding master-slave teleoperation ex-
periment and model experiment.

1 Description of Architecture and Kine-
matics

1.1 Clinical Background
Natural orifice transluminal endoscopic surgery

(NOTES) is an innovation technology to perform
surgery through natural body orifices. However, with
limited surgical space and field of view, the direct
operation of instruments requires great medical skill
and may increase the risk of danger. Therefore, the
master-slave teleoperation systems are widely adopted
for NOTES which commonly employ a surgical robot
as the slave part to enhance surgical flexibility while
adopting a master robot to remotely control the motion
of the surgical robot as well as receiving force feedback.

As illustrated in Fig. 2, a continuum surgical robot
proposed in our previous work[12] designed specifically
for transoral robotic surgery is utilized as the repre-
sentative surgical robot. The slave robot system con-
tains 4 controllable DOFs including deflection along the
x and y axes, rotation around z axis and the trans-
lation of bio forceps inserted in the instrument chan-
nel, and its effectiveness has been proven through an-
imal experiment[12]. However, the movement of such
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Fig. 2 Representative surgical robot for transoral surgery.
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a slave surgical robot is relatively small and quite dif-
ferent from human’s operation habit. In addition, it is
difficult for the operator to observe the relative position
of the robot in the surgical area. Therefore, a common
solution is to construct a master-slave isomeric master
robot, which is in line with human’s operation habit
and map the motion of master robot into the motion of
slave robot in certain scale. Here, in Fig. 3, the master-
slave mapping relationship is conducted based on the
drive space, which is more intuitive during operation.
The three coordinate axes of the slave robot are de-
noted by xs, ys and zs while those of the master robot
are noted by xm, ym and zm. The master-slave mapping
maps the movement of slave robot (Rs

x, Rs
y, Rs

z, T
s
z) into

the movement of the master robot (T m
x , T m

y , Rm
z , T m

z )
respectively. The rest of this article is to discuss how
to design a master robot with sufficient DOFs to control

the movement the slave robot.
As explained in Ref. [8], to effectively perform the

master-slave control, the master robot should meet
the basic requirement proposed below. The workspace
should be free of singularities, having a minimum vol-
ume of 100 mm×100 mm×100mm and providing ±30◦

of rotational DOFs around all axes, which allows natu-
ral reaching motions including arm transport.
1.2 Mechanism Description

The kinematic arrangement of the 6-RUS Hexa-type
PM is depicted in Fig. 4(a), the proposed CAD model is
depicted in Fig. 4(b), and the moving platform is linked
to the fixed base through six identical RUS limbs. Each
RUS limb attaches to the fixed base by rotation joint
(Ai, i = 1, 2, · · · , 6) with a radius R1. Two adjacent
rotation joints (A1&A2, A3&A4, A5&A6) are parallel
to each other and perpendicular to the bisector of
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Fig. 3 Master-slave mapping relationship.
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Fig. 4 Scheme of the Hexa-type 6-RUS PM. (a) Kinematic scheme; (b) CAD model.
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∠AiOAj , i = 1, 3, 5, j = 2, 4, 6. Six spherical joints
(Ci, i = 1, 2, · · · , 6) are evenly placed in the moving
platform with a radius R2. Each rotation joint and
spherical joint are connected to a universal joint (Bi)
by limb

−−−→
AiBi with length L1 and limb

−−−→
BiCi with length

L2 respectively.
Before conducting a comprehensive kinematic anal-

ysis, two coordinate systems have to be established:
the fixed base O-xyz and the moving platform O1-uvw.
The x axis runs along the mid-line between

−→
OA1 and−→

OA2, the z axis is perpendicularly pointing up from the
base, and the y axis is determined using the right-hand
rule. Similarly, in O1-uvw. The u axis runs along the
mid-line between

−−→
OB1 and

−−→
OB2, the w axis is perpen-

dicularly pointing up from the moving platform, and
the v axis can be determined accordingly. To aid in the
explanation that follows, the geometric parameters are
defined as follows:

−→
OAi =

(
R3 cos

(
− π

2
+ i
π

3

)
,

R2 sin
(
− π

2
+ i
π

3

)
, 0

)T

O1
−−−→
O1Ci =

(
R2 cos

(
− π

2
+ i
π

3

)
,

R2 sin
(
− π

2
+ i
π

3

)
, 0

)T

i = 1, 2, · · · , 6

⎫
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

, (1)

where R3 =

√
R2

1 − R2 sin
(π

6

)2

. Subsequent discus-

sions are conducted in the fixed frame by default.
Moreover, some basic vectors should be preliminary

defined. For a more intuitive and concise visualization,
the position of the moving platform is typically repre-
sented by a vector P that extends from the base center
O to the moving platform center by O1, and the orien-
tation is represented by rotation matrix ORO1 in Euler
angle form.
1.3 Inverse Kinematics

The inverse kinematics of the 6-RUS PM yields an-
alytical solutions for the actuated parameters Θ =
(θ1, θ2, · · · , θ6)T when the moving platform’s posture
(position vector P and rotation matrix ORO1) is fixed.
The main idea of inverse kinematics is to establish the
close-loop equation. As illustrated in Fig. 5, by taking
the limb i as an example, the position vector P can be
expressed by

P =
−−→
OAi +

−−−→
AiBi +

−−−→
BiCi + ORO1

O1
−−−→
CiO1. (2)

Notice that in ΔAiBiCi, the values of ‖−−−→AiCi‖,
‖−−−→AiBi‖ and ‖−−−→BiCi‖ can be easily achieved, where−−−→
AiCi = −−−→

OAi + P + ORO1
O1

−−−→
CiO1. While in the local

coordinate system Ai-xiyizi,
−−−→
AiBi can be expressed as

a function of joint variable θi, which is expressed by
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Fig. 5 Kinematic scheme of Hexa-type 6-RUS PM limb.

−−−→
AiBi = L1 cos θiXi + L2 sin θiZi, where Xi is point-
ing along xi and Zi is pointing zi. Thus, the constrain
equation can be given by

‖−−−→BiCi‖ = ‖−−−→AiBi −−−−→
AiCi‖ = L2. (3)

By adopting Weierstrass substitution, the analytical
solutions can be expressed by

βi = 2 arctan
(−bi ±

√
b2
i − 4aici

2ai

)
, (4)

i = 1, 2, · · · , 6.

And

ai = mi − 2L1
−−−→
AiCi · Xi,

bi = 4L1
−−−→
AiCi · Zi,

ci = 2L1
−−−→
AiCi · Xi + mi,

mi = L2
2 − L2

1 − ‖−−−→AiCi‖2.

It should be noted that the analytic solution exists
26 potential combinations of actuated angles for a given
posture. Still, only the angles consistent with Fig. 4 are
permissible.
1.4 Jacobi Matrix

The Jacobi Matrix can be achieved by taking the
derivative of the closed loop equation with respect to
time, and the result is given by

VO1 =ωAi ×
−−−→
AiBi+ωBi ×

−−−→
BiCi−ωO1 ×

−−−→
O1Ci, (5)

where VO1 and ωO1 represent the linear velocity and an-
gular velocity of the moving platform respectively, ωAi
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represents the angular velocity of the actuated joints
while ωBi is unknown and must be eliminated through
mathematical method. By dot multiplying

−−−→
BiCi on

both sides of the equation and using the property of
reciprocal product, the equation can be rearranged by

−−−→
BiCi · VO1 + (ORO1

O1
−−−→
O1Ci ×−−−→

BiCi) · ωO1 =

(
−−−→
AiBi ×−−−→

BiCi) · ωAi , (6)

which tells the speed relationship between the actuated
joints and the moving platform. The simplified and
general form can be written as

Jxẋ = Jqq̇, (7)

where ẋ and q̇ are the velocities of master robot handle
and joints respectively, and J = J−1

x Jq is the Jacobi
matrix of the master robot.

Jacobi matrix is not only the medium between the
velocity of actuated joints and the velocity of the mov-
ing platform, but also the bridge between the torque of
the actuated joints and the force applied in the mov-
ing platform. This relationship can be deduced by the
virtual work principle[13] and given by

F = JTτ , (8)

where F is the force applied at the center point of the
moving platform, and τ represents the torque gener-
ated by each actuated joint. When the master robot
is moved to a certain position, the torque required to
provide force feedback can be calculated by the formula
and realize real-time force feedback.
1.5 Forward Kinematics

The forward kinematics determines the posture of the
moving platform with given actuated joints. Due to the
highly nonlinear nature of the forward kinematics equa-
tion, few analytical solutions of 6-DOF parallel struc-
tures can be obtained, and in most cases[13], numerical
methods are adopted to solve the forward kinematics
in an iterative form. Notice that a feasible way to de-
scribe the relationship between the actuated angles and
the posture is provided in Eq. (3). The forward kine-
matics can be transferred into a nonlinear equation by

G(Y ) = (g1(Y ), g2(Y ), · · · , g6(Y ))T =
G(Y0) + Jdq = 0, (9)

where gi = L2 −
∥∥∥−−−→AiCi −−−−→

AiBi

∥∥∥, and q is the simulta-
neous position of motor joints.

The proposed nonlinear equations can be solved effi-
ciently using the trust-region method with a given ini-
tial posture Y0 and a real-time updated Jacobian ma-
trix J . In practice, the position of the master robot
needs to be calibrated into the center beforehand. Then
the forward kinematics can simultaneously track the
trajectory of the master handle movement by reading
the pulse number of encoders assembled in the actuated
joints.

2 Workspace Determination

For the 6-DOF parallel mechanism, it becomes im-
possible to graphically illustrate the workspace with
decoupled DOFs. Therefore, a practical approach is
to partition the workspace into two distinct 3D sub-
spaces: the translation workspace and the orientation
workspace, and then identify the individual boundaries
of each subspace, providing a more precise visualization
of the overall workspace.
2.1 Definition of Constraints

Before determining the workspace, an essential step
is establishing several fundamental constraints[14] that
restrict the motion of the moving platform. These con-
straints include kinematic constraints and structural
constraints. The kinematics constraints can be deter-
mined through inverse kinematics in Eq. (4), which is
given by

b2
i − 4aici � 0, i = 1, 2, · · · , 6. (10)

In fact, the region that these inequalities surround is
the maximum range in which a 6-RUS mechanism can
move without considering the structural constraints.
However, the region is also limited by the structural
constraints. The structural constraints refer to the me-
chanical limits of both the actuated joints and passive
joints as well as the link interface. Actuated joints are
intentionally limited to [0,π/2], while the range of the
passive joints depends on their specific structural char-
acteristics. For the universal joint Ci, the maximum
angle between

−−−→
AiBi and

−−−→
BiCi is defined as φBi , while

for the spherical joint Bi, the maximum angle between−−−→
BiCi and the moving platform is φCi , so the constraint
equations can be written as

−−−→
AiBi · −−−→BiCi∣∣∣−−−→AiBi

∣∣∣
∣∣∣−−−→BiCi

∣∣∣
� cosφBi

−−−→
CiBi · (−ORO1

O1
−−−→
O1Ci)∣∣∣−−−→CiBi

∣∣∣
∣∣∣−ORO1

O1
−−−→
O1Ci

∣∣∣
� cosφCi

⎫
⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎭

. (11)

In Hexa-type 6-RUS PM, the link interface always
exists between two passive limbs. Assuming that the
limbs in the master device can be approximated as
cylinders with a diameter dc, the link interface restric-
tion can be expressed by a distance function:

d(
−−−→
AiBi,

−−−→
AjBj) � dc, (12)

i, j = 1, 2, · · · , 6, j �= i.

2.2 Translation Workspace
The translation workspace of PM is defined as all pos-

sible locations of the moving platform center that can
be reached with a given orientation. In current struc-
ture, there is no singular point inside the translation
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workspace, so the boundary points of the workspace
can be determined by the traversal search method.
However, common traversal method[8] requires a large
amount of computation in determining the workspace
but also with limited result. Therefore, in order to effi-
ciently determine the boundary points/curve and adopt
it in the optimizing of structural parameters, the follow-
ing solution algorithm is proposed.

Algorithm 1: Translation workspace determination
Input: The structural parameters R1, R2, L1, L2, the
constraint function G, rotation matrix ORO1

Output: The boundary points of the translation
workspace.
1: Determine the boundary zmin and zmax along z axis.
2: for zi = zmin − 1 to zmax do
3: for α = 0 to 2π do
4: ρ = 0
5: while true do
6: If G(ORO1 , ρ cosα, ρ sinα, zi) then
7: ρ = ρ + Δρ
8: else if ρ − Δρ > 0 then
9: Store (ρ cosα, ρ sin α, zi)
10: end if
11: break
12: end if
13: end while
14: end for
15: end for
16: return (ρ cosα, ρ sin α, zi)

Compared with other algorithms[15], this algorithm
has the advantage of its ability to approximate the
values of workspace boundaries with a relatively fast
computational speed, which is vital for the subsequent
structural optimization.
2.3 Orientation Workspace

The orientation workspace is defined as the set of all
possible orientations that can be reached while main-
taining the position of the moving platform center O1.
A numerical method similar to the determination of
translation workspace is adopted to generate the com-
plete orientation workspace. However, in order to bet-
ter illustrate the orientation angles, the Tile & Torsion
angle representation ORO1(φ, θ, σ) is employed, which
can avoid the description singularity[14] in Euler angle,
and widely adopted in parallel robots. Then, the simi-
lar algorithm is presented as follows:

Algorithm 2: Orientation workspace determination
Input: The structural parameters R1, R2, L1, L2, the
constraint function G, position P .
Output: The boundary points of the translation
workspace.
1: Determine the boundary σmin and σmax.
2: for σi = σmin to σmax do

3: for θ = 0 to π do
4: φ = 0
5: while true do
6: If G(P, φ, θ, σi) then
7: φ = φ + Δφ
8: else if φ − Δφ > 0 then
9: Store (φ, θ, σi)
10: end if
11: break
12: end if
13: end while
14: end for
15: end for
16: return (φ, θ, σi)

3 Optimal Design

In addition, the singularity of this mechanism can
occur when the moving platform is coplanar with two
terminal RUS limbs as well as the passive limb and
the actuated limb close to collinear. Therefore, the fol-
lowing discussion aims to avoid singularity, meet this
design criteria and obtain better motion/force trans-
missibility.
3.1 Index Definition

Kinematic performance analysis is a key issue for the
design of PMs and can identify the singularity based on
motion/force transmission indices proposed in Ref. [16].
Before calculating the indices, the screw modeling of
the RUS limb needs to be firstly constructed. The in-
put twist screw (ITS) SIi of limb i is defined as the
rotation motion of actuated joints, while the transmis-
sion wrench screw (TWS) STi of limb i is reciprocal to
all input twist screws SIj , j �= i of RUS limb except
SIi , which can be derived by undetermined coefficient
method. The result indicates that the STi is a pure
force along

−−−→
BiCi. The output twist screw (OTS) SOi

which represents the instantaneous movement induced
by STi can be derived by constructing the augmented
matrix[17]. Then, the local transmission index (LTI)
defined by energy coefficient[10] can be determined by

λi =
|STi◦SIi |

|STi◦SIi |max

ηi =
|STi◦SOi |

|STi◦SOi |max

κ = min {λi, ηi}
i = 1, 2, · · · , 6

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎪⎪⎭

, (13)

where λi denotes the input transmission index (ITI) of
limb i, and ηi denotes the output transmission index
(OTI) of limb i. In addition, κ (LTI) ranges in [0, 1] is
a frame-free index, and a larger κ indicates better mo-
tion/force transmissibility and a larger distance from
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reaching singularity configuration. For the common ap-
plication, κ � 0.3 can prevent the PMs from reaching
singular configurations[18].

3.2 Parameter Design Space

Dimension synthesis requires the abstraction of op-
timized parameters from the mechanical structure and
a reduction in their dimensions. In the optimization
design, there are four parameters to be optimized:
R1, R2, L1, L2 while the proportion between the moving
platform and the static platforms is pre-limited to R1 =
λR2. According to engineering design experience[19], λ
is pre-set in 1.8. Therefore, the parameters left to be

optimized are R1, L1, L2 and they are normalized by

D =
R1 + L1 + L2

3
, (14)

where D is a non-dimensional factor, while r1 = R1/D,
l1 = L1/D, l2 = L2/D are three non-dimensional pa-
rameters.

In addition, the length of the limbs is restricted by
0 < r1, l1, l2 < 3, l1 < l2 and the design space is con-
structed in Fig. 6(a), delimited by dotted lines. For
better visualization, the region is projected onto a pla-
nar view through projection transformation s = r1,
t = (l2 − l1)/

√
3, as shown in Fig. 6(b).
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Fig. 6 Parameter design space: (a) 3D view; (b) Planar view.

3.3 Dimension Synthesis
Due to the multi-DOFs in the 6-RUS mechanism,

optimizing within its workspace involves discretizing
the 6-dimensional parameters, resulting in high com-
putational complexity and time-consuming calcula-
tions. Moreover, the design requirements for the mas-
ter robot do not necessitate the mechanism to achieve
a globally optimal solution. Therefore, under the de-
sign criterion, the parameters are optimized within the
translation workspace under the Euler angle sets: (0◦,
0◦, 0◦), (30◦, 0◦, 0◦), (0◦, 30◦, 0◦), and (0◦, 0◦, 30◦).
To evaluate the performance of the master robot within
the workspace, two metrics are defined, namely:

γGTI =

∫

GW

κdW
∫

GW

dW

, (15)

where, W represents translation workspace; GW is the
high-quality translation workspace, among which all set
of points’ κ > 0.3, and γGTI qualifies the performance
of the master robot’s movement within the GW. There-
fore, the optimization equation for the master robot’s

parameters can be written as

find X = (r1, l1, l2)T

max γGTI(X)

}
, (16)

s.t. 0 < r1, l1, l2 < 3; r1 + l1 + l2 = 3, l1 < l2.

According to this optimization equation, the perfor-
mance atlas can be plotted in the parameter design
space. However, as the boundary of the translation
workspace is difficult to represent as a continuous func-
tion, Algorithm 1 is employed to determine the bound-
ary points corresponding to each set of structural pa-
rameters. Then, discrete points are uniformly gener-
ated within the numerical boundaries, and the equation
is then numerically solved.

The corresponding performance atlas is presented
in Figs. 7(a)—7(d), while the optimal region, i.e., the
common area, is presented in Fig. 7(e). In order to
achieve a compact design, the parameters: r1 = 0.765,
r2 = 0.255, l1 = 1.635, l2 = 0.600 are selected as a can-
didate ratio for the fabrication of the master device.

To ensure a relatively small volume of the entire de-
vice and be adapted to the selected motors, the nor-
malization factor is selected as D = 125, and the
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Fig. 7 Performance atlas. (a) (0◦, 0◦, 0◦); (b) (0◦, 0◦, 30◦); (c) (30◦, 0◦, 0◦); (d) (0◦, 30◦, 0◦); (e) Optimal area.

architecture parameters of the master device are even-
tually set to R1 ≈ 96.0mm, R2 ≈ 32.0mm, L1 ≈
75mm, and L2 ≈ 205mm.
3.4 Prototype and Experiment

Based on the selected architecture parameters above,
the master robot and the corresponding continuum
robot are implemented in Fig. 8. The master robot is
capable of translating to a maximum range of 120 mm×
120 mm × 110 mm while rotating to 45◦ around x and
y axes and ±70◦ around z axis at maximum. The mo-
tion of the handle is magnified by the capstans with a
transmission ratio of 6 and is detected by six DC motors
(RE30, Maxon Motor AG, Switzerland) with optical en-
coders (HEDL 5540, Maxon Motor AG, Switzerland).
The motion is then reconstructed by forward kinemat-
ics at a rate of 100Hz.

Capstan

Epos
controller

Master
device

Continuum
robot

Biopsy
forcep

Fig. 8 Overall set of master-slave teleoperation system.

As shown in Fig. 9, the slave surgical robot and the
master device in the master-slave teleoperation system
are connected and exchange messages from a personal
computer (PC) via control modules (EPOS2, Maxon
Motor AG, Switzerland) through USB interfaces. Un-
der the master-slave control loop, the surgeon controls
the handle to control the master robot. The input mo-
tion XM of the surgeon will be instantaneously read by
motor encoders and reconstructed in PC. The PC will
map the motion XM on a small scale to the slave robot
(XS) and the slave robot will be controlled to contact
with patients. At the same time, the surgeon can re-
ceive visual feedback in real time through the micro-
scope assembled in the surgical robot. During this con-
trol loop, the safety and stability of the whole system lie
in high-speed teleoperation, master-slave motion scal-
ing, and filtering method. To verify the performance
of this system, an experiment is conducted in which
the operator controls the movement of the continuum
robot through the master handle. The result is illus-
trated in Fig. 10. The operation video is available via
https://www.bilibili.com/video/BV1pj411A7Ws/.

In the current research, improved master robot and
slave robot are constructed to perform the model ex-
periment in transoral robotic surgery. As illustrated
in Fig. 11, the result demonstrates that under the con-
trol of the master robot, the slave robot can reach the
esophagus of the mannequin without making contact
with the tissue in the cavity. In the future, this master
robot will be applied to the control of different types of
slave surgical robots[20-21].
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PC Master robotSlave robot

Fig. 9 Master-slave control loop of teleoperation system.

(a) (b) (c)

Fig. 10 Master-slave teleoperation experiment. (a) Deflexion along x axis; (b) Deflexion along y axis; (c) Translation along
z axis.

Slave robot

Human model

Master robot

Fig. 11 Human model experiment.

4 Conclusion

This study presents the design of a Hexa-type 6-
RUS master robot for minimally invasive surgery. The

kinematics is derived and the workspace algorithm is
proposed as the basis of the optimization procedure.
Dimension synthesis is conducted to avoid singularity
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and achieve better motion/force transmissibility. An
optimized ratio with improved kinematics performance
is obtained through the GTI and GWI indices. Fi-
nally, the prototype is fabricated, the master slave con-
trol loop is conducted, and the corresponding master-
slave teleoperation experiment and model experiment
are performed. The results demonstrate that the mas-
ter robot can meet the basic requirements. A faster
and more robust algorithm with force feedback control
needs to be discussed in the future.
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[7] LALIBERTÉ T, ABDALLAH M, GOSSELIN C. A
backdrivable 6-dof parallel robot for sensorless dynam-
ically interactive tasks [J]. Robotics and Computer-
Integrated Manufacturing, 2024, 86: 102642.

[8] YANG Y, ZHANG Y R, ZHANG Y J, et al. Design and
analysis of a new six-DOF parallel haptic device with
singularity-free task workspace [C]//ASME 2008 In-
ternational Design Engineering Technical Conferences
and Computers and Information in Engineering Con-
ference. Brooklyn: ASME, 2009: 1131-1139.
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