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ABSTRACT This article presents the development of a new medical robot system comprising a spherical

remote center motion (RCM) mechanism with modular design and two mechanical decoupling meth-

ods for Minimally Invasive Surgery (MIS). We achieved excellent comprehensive performance indices

through a novel multi-objective optimization model comprising four optimization objective functions, three

constrained conditions and two optimization variables. In order to enhance the manipulability, remove

the coupling between motors, and reduce the control difficulty, two new decoupling mechanism means

were proposed to remove coupling motion between the wrist and pincers, coupling motion between the

translational joint of mobile platform and four interface disks of surgical instrument as a results of rear

drive motor, respectively. The control system architecture is designed to include intuitive motion control,

incremental motion control, and proportional motion control. Master-slave attitude registration and surgical

instrument replacement strategies improve the master-slave control efficiency. We tested the spherical RCM

mechanism performance indices and developed two mechanical decoupling methods and a master–slave

control algorithm. Our experimental test results validated that fixing point accuracy, the coupling motions,

the positioning and repeated positioning accuracy of the MIS robot, and master–slave control algorithm

meet the requirements of MIS. Successful animal experiments confirmed effectiveness of the novel MIS

robot system.

INDEX TERMS MIS robot, multi-objective optimization, decoupling motion, master-slave control, RCM.

I. INTRODUCTION

Minimally invasive surgery (MIS) has developed rapidly and

become increasingly popular. The advantages of MIS include

less trauma, fewer postoperative diseases, and faster recov-

ery. Traditional MIS is usually done by inserting a surgical

instrument (SI) into the patient through a small incision.

However, this method has some disadvantages including

poor flexibility, easy fatigue, impaired depth perception, and

limited surgical field of vision. MIS robot technology holds

the key to solving these difficulties. Motion around a pivot

point with two rotational degrees of freedom (DOF) and

one translational DOF is achieved by mechanical constraints.

There are three types of remote center motion (RCM) mech-

anisms: parallel [1]–[3], serial-parallel [4] and serial. This
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article mainly focuses on serial RCM mechanisms. There

are four kinds of mechanisms achieving motion constraints

around a fixed point: passive joint mechanisms, parallelo-

gram mechanisms, circular guide mechanisms, and spherical

mechanisms. Some advantages and disadvantages of four

methods are explained below.

(1) Multi-joint and linkage passive joint mechanisms are

used in many MIS robots [5]–[7]. One advantage of this

mechanism is that the trocar can be rotated freely accord-

ing to the pivot point. It has greater robustness and better

safety should the trocar position change due to the patient’s

accidental movement. The disadvantage of this mechanism is

that its operational accuracy is often disturbed by the elastic

characteristics of the abdomen [8].

(2) Parallelogram mechanisms are widely used to imple-

ment RCM inmanyMIS robots [9]–[14]. There are twometh-

ods applied in surgical robot design: the multi-parallelogram
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mechanism and the open-loop parallelogram with syn-

chronous belt constraints. Although it has high rigidity, the

multi-parallelogram mechanism is cumbersome as a result

of the many joints and links involved and requires high

processing accuracy to prevent deadlock [8]. The open-loop

parallelogram with time belt constraints has only three joints

and links, but the assembly is more complex, the mechanism

stiffness is reduced, and maintenance and repair costs are

increased.

(3) The circular guidance mechanism used to implement

RCM in MIS robot design [15]–[17] is relatively simple, but

its stainless steel circular track is three times heavier than the

aluminum link and its volume is relatively large [8].

(4) The spherical mechanism with two rotational joints

used for RCM MIS robot design [8], [18]–[22] has two con-

figurations: series and parallel. Because the links of parallel

spherical mechanism readily collide with each other [18],

serial configuration is most commonly used. The wire drive

used in serial spherical RCMdesign has shortcomings includ-

ing low rigidity, poor safety, inability to achieve modular

design, and increased maintenance and repair costs. Hence,

the development of a spherical RCMmechanism with modu-

lar design would be preferable.

Parallel wrist [23], snake-like [24], [25], and wire-driven

wrist [26] devices may improve the dexterity of SIs. How-

ever, taking dexterity, sterilization, volume, mass, and cost

of SI into account, the wire-driven wrist is the most efficient

and extensively used by intuitive surgical robots. However,

it results in a coupling motion between wrist and forceps

that is problematic [27], [28]. Algorithm and mechanical

compensationmethods can be used to overcome this problem.

The algorithmmethod avoids the complexmechanical cou-

pling design. Several types of SIs are used in surgery and SI

replacement often occurs. When one type of SI is replaced

with another, the new SI must be identified by system, and the

corresponding compensating algorithms registered, which

increases SI exchange times. With the popularization and

broader application of MIS robots in surgery, new SIs will

be designed, and the corresponding compensating algorithms

updated in all MIS robot systems. This impacts negatively

on the universality of software control algorithms. For these

two reasons, the mechanical decoupling design is used to

eliminate the coupling motion.

In order to reduce exchange times, improve the universality

of software control algorithms, remove the coupling between

motors, reduce costs, and promote the application of MIS

robots, it is necessary to improve and enhance SIs and elimi-

nate coupling motion.

The article is organized as follows: Section II presents

kinematic analysis of the RCMmechanism. Section III solves

the optimization of the RCM mechanism to obtain excellent

comprehensive performance indices. Section IV introduces

the concept design of the novel MIS robot. The master–slave

control design is provided in Section V. The auxiliary control

strategy presented in Section VI consists of the master–slave

posture registration and SI replacement strategy. Section VII

describes the experimental testing of the two mechanical

decoupling methods, the positioning accuracy and repeated

positioning accuracy of the MIS robot, and verification of

the master–slave control algorithm, and cholecystectomy and

nephrectomy in pigs to validate the effectiveness of the cor-

responding designs. Section VIII concludes the article.

FIGURE 1. The D-H coordinate of the spherical RCM mechanism.

TABLE 1. D-H parameters of the spherical RCM mechanism.

II. KINEMATIC ANALYSIS OF RCM MECHANISM

A. FORWARD AND INVERSE KINEMATICS

D-H coordinate system of spherical RCM mechanism is

demonstrated in Figure 1. The D-H parameters of the spher-

ical RCM mechanism are listed in Table 1, homogeneous

transfer matrixes are calculated and forward kinematics can

be obtained, then, the position vector (px, py, pz) of wrist is

expressed by (1), as shown at the bottom of the page. Based

on (1), The inverse kinematics (q1, q2, q3) of wrist position is

given by (2).

d3 =

√

(px)2 + (py)2 + (pz)
2,

θ2 = arctan 2
(

±
√

1 − k2, k
)

,

θ1 = arctan2 (k2, k1) ,

k = (pysα0 − pzcα0 + d3cα1cα2)/(d3sα1sα2),

k1 = pxsα2s2 − (pycα0 + pzsα0)(cα1sα2c2 + sα1cα2),

k2 = px(cα1sα2c2 + sα1cα2) + sα2s2(pycα0 + pzsα0) (2)

where c1 = cos(θ1), s1 = sin(θ1), c2 = cos(θ2), s2 = sin(θ2),

cα0 = cos(α0), sα0 = sin(α0), cα1 = cos(α1), sα1 = sin(α1),

cα2 = cos(α2), sα2 = sin(α2), α0 = -( β0 + 0.5π).





px
py
pz



 =





d3sα2c1s2 + d3cα1sα2s1c2 + d3sα1cα2s1
d3cα0sα2s1s2 − d3cα0cα1sα2c1c2 − d3cα0sα1cα2c1 + d3sα0sα1sα2c2 − d3sα0cα1cα2

d3sα0sα2s1s2 − d3sα0cα1sα2c1c2 − d3sα0sα1cα2c1 − d3cα0sα1sα2c2 + d3cα0cα1cα2



 (1)
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B. JACOBIAN MATRIX

The Jacobian matrix has a wide range of applications in

mechanism optimization, the Jacobian of the spherical RCM

mechanism with two rational DOFs is expressed by (3).

J =

[

sα1s2 0

sα1c2cα2 + cα1sα2 sα2

]

(3)

III. OTPIMIZATION OF RCM MECHANISM

Some optimizations of the spherical RCM mechanism per-

formance have been achieved. Nouaille presented an optimal

choice of geometrical parameters of a global function in rela-

tion to kinematic performance and compactness indices [29].

An optimization model consisting of workspace size, the new

manipulability index and mechanism size for spherical RCM

mechanisms was proposed by Zhang and Nelson [30]. Lum

put forward a synthesis model including the kinematic index

and stiffness to optimize the spherical RCMmechanism [18].

In the current article, a comprehensive multi-objective model

with four optimization objective functions (an improvement

global kinematic index, a compactness index, a global com-

prehensive stiffness index, and global dynamic index), three

constrained conditions (workspace constraint, mechanical

parameter constraint, and mass constraint) and two optimiza-

tion variables (α1 and α2) is constructed to optimize the

spherical RCM mechanism using the NSGA-II algorithm.

A. OPTIMIZATION OBJECTIVES

1) KINEMATIC PERFORMANCE INDEX

The global performance index (GPI) for kinematic optimiza-

tion [31] is expressed by (4).

η =

∫

w

kdw/

∫

w

dw (4)

where k is velocity isotropy [32], w is workspace.

The improvement of the GPI for dimensional homogeniza-

tion is expressed by (5).

f1 = 1 −
η

max (η)
(5)

2) COMPACTNESS INDEX

The parameters α1 and α2 determine the volume of the spher-

ical mechanism. α1max = α2max = 0.5π . Compactness index

is defined by (6).

f2 =
α1 + α2

π
(6)

3) STIFFNESS INDEX

The condition number of the translation and rotation stiffness

matrix [33] is expressed by (7) to indicate stiffness variation

of the mechanism.

kt = ‖K t‖

∥

∥

∥
K−1

t

∥

∥

∥
kr = ‖K r‖

∥

∥

∥
K−1

r

∥

∥

∥
(7)

where ‖K i‖ =

√

tr(K iωK
T
i ), i represents t and r, t and r

denotes translation and rotation, respectively, [34].

FIGURE 2. Workspace when α1 + α2 + β0 ≤ π and 0≤ β0 ≤0.25π :
(a) α1 + β0 ≤0.5π ; (b) α1 + β0 ≥0.5π .

The GPI of condition number is defined by (8). Improve-

ment of the GPI is expressed by (9). The comprehensive

stiffness performance index is expressed by (10).

ςi =

∫

w

kidw

/

∫

w

dw (8)

Si = 1 − ςi
/

Max(ςi)
(9)

f3 = (St + Sr)
/

2 (10)

where i represents t and r, respectively.

4) DYNAMIC INDEX

In surgery, taking low velocity and external forces into con-

sideration. The dynamic model [35] of RCM mechanism can

be simplified as follows.

τ = M(q)q̈+ G(q) (11)

The GPI [36] of dynamics is expressed by (12). The

improvement of GPI of dynamics is given by (13).

γτ =

n
∑

i=1

∫

|τ iωi| dw

w
(12)

where n is number of joints, ω is angular velocity of joint, w

is workspace of robot.

f4 =
γτ

Max(γτ )
(13)

B. CONSTRAINTS

1) WORKSPACE CONSTRAINT

A cone with vertex angle 90◦ is required in surgery [18]. The

δ shown in Figure 2 is calculated by (14). The workspace

constraint is expressed by (14).

δ =



















2ε=2 (α1+α2+β0 − 0.5π) if α1+β0 ≤ 0.5π

2ε=2 (α2 − (α1+β0 − 0.5π)) if α1+β0 ≥ 0.5π

and α2 ≥ (α1 + β0 − 0.5π)

0 if α1 + β0 ≥ 0.5π and α2 ≤ α1 + β0 − 0.5π

(14)

δ ≥ 0.5π (15)
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2) MECHANICAL PARAMETER CONSTRAINT

Taking two rational DOFs of the RCM mechanism into con-

sideration, the workspace area of the ellipsoid surface is

expressed by (16) as shown in Figure 3 (a). The area SW is

symmetric with the plane α1 = α2. However, GPI shown in

Figure 3 (b) is asymmetric with the plane α1 = α2. The value

of η when α1 ≥ α2 is larger than the value of η when α1< α2.

The mechanical parameter constraint is expressed by (17).

SW

=

∫∫

6

ds

=

∫∫

6

√

(

∂(y, z)

∂(q1, q2)

)2

+

(

∂(x, z)

∂(q1, q2)

)2

+

(

∂(x, y)

∂(q1, q2)

)2

×dq1dq2 (16)

α1 ≥ α2 (17)

3) MASS CONSTRAINT

The spherical RCM mechanism shown in Figure 1 contains

two linkages (m1 and m2). The mass constraint is expressed

by (18).

m1 + m2 ≤ m (18)

C. OPTIMIZATION MODEL

The dimensional optimization model comprises design vari-

ables, optimization objective functions, and constraint condi-

tions.

Design variables: α1 ∈ [0.25π 0.5π ], α2 ∈ [0.25π 0.5π].

Optimization objectives:

min



















f1 = 1 − η
/

max(η)

f2 = (α1 + α2)
/

π

f3 = (St + Sr)
/

2

f4 = γτ

/

Max(γτ )

(19)

Constraints:

g1 : δ ≥ 0.5π; g2 : α1 ≥ α2; g3 : m1 + m2 ≤ 3 (20)

D. PROBLEM SOLVING

Dimensional optimization comprising four objectives is a

multi-objective optimization problem. The NSGA-II algo-

rithm [37] offers computational efficiency and global conver-

gence and is widely used in multi-objective optimization to

optimize the angles of the spherical RCM mechanism. The

parameters for NSGA-II are shown in Table 2.

TABLE 2. Parameters used for the NSGA-II.

FIGURE 3. (a) The relationship between SW and α1, α2; (b) The
relationship between η and α1, α2.

The multi-objective optimization process is given as fol-

lows: (1) Derive some appropriate optimization objectives

to describe the mechanism performance indices. (2) Identify

design parameters and give constraints involving mechanism.

(3) Initialize NSGA-II settings. (4) Combine the objectives

using Pareto approach. (5) Perform multiple optimizations

using different weighting or emphasis.

Variation tendencies and interdependence among α1, α2,

f1, f2, f3, and f4 using a scatter matrix [38] are shown in

Figure 4. The lower and upper triangles of the matrix show

scatter plots and their corresponding correlation coefficients

(R), respectively. The matrix diagonal elements present the

probability density diagram of α1, α2, f1, f2, f3, and f4. R ∈

[−1, 1]. R closer to −1 or 1 implies a stronger correlation

between two elements. R closer to 0 indicates a weaker corre-

lation between two elements. P value reflects the probability

of an event. R is significantly different from zero when P <

0.05, indicating that the correlation between two elements is

very significant.

From Figure 4:

• The correlation between every two elements of f1, f2, and

f4 are significant as R (−0.98) between f1 and f2, R (−0.71)

between f1 and f4, R (0.84) between f2 and f4 are closer to−1,

−1, and 1, respectively.

• The independent of f3 with α1, f1, f2 is relatively high as

R (−0.21) between f3 and α1, R (0.25) between f3 and f1, R

(-0.43) between f3 and f2 are closer to 0.

• α2 is a strongly and positively correlated with f2 and

f4(the two corresponding Rs (0.91, 0.92) are closer to 1),

whereas it is a strongly and negatively correlated with f1 (the

corresponding R (−0.81) is closer to −1,).

• α1 is a strongly and positively correlated with f2(the

corresponding R (0.95) is closer to 1) whereas it has strongly

VOLUME 8, 2020 144139
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FIGURE 4. Scatter matrix.

and inversely correlated with f1 (the corresponding R (−0.98)

is closer to −1).

The above analysis shows that the correlation between f2
and α1, α2 is stronger than the corresponding part between

f1, f3, f4 and α1, α2, the correlation (−0.98, −0.43, 0.84)

between f2 and f1, f3, f4 is stronger than the corresponding

part (−0.98, 0.25,−0.72) between f1 and f2, f3, f4, at the same

time, the correlation (−0.98, −0.43, 0.84) between f2 and f1,

f3, f4 is stronger than the corresponding part (0.25, −0.43,

−0.81) between f3 and f1, f2, f4. In addition, high kinematic

dexterity f1, better stiffness f3 and excellent dynamic f4 are

the optimum goal. Pareto solutions between f2 and f1, f3, f4 is

shown in Figure 5.

FIGURE 5. Pareto solutions between f2 and f1, f3, f4.

Ten Pareto optimal solutions obtained from the generalized

feasible solutions shown in Figure 5, compared and chosen

according to actual need, were selected for further consider-

ation (Table 3). The GPI of the kinematic performance index

should be high in order to successfully complete complex sur-

gical operations requiring dexterity. Hence, improvement of

the kinematic GPI was chosen as the key index. The improve-

ment of GPI was smaller in the first, second, third, fourth,

and fifth groups than in the sixth, seventh, eighth, ninth, and

tenth groups. So, the last five groups were removed. In order

TABLE 3. Design variables, objective functions, and selective function.

to obtain a better comprehensive solution from the remaining

candidate list, a comprehensive performance index [38] F1 =

f1 + f2 + f3 + f4 was used as a selection index. The minimum

of F1 was the fourth group, where α1 = 1.3 and α2 = 0.9

were obtained.

TABLE 4. Comparison between results of reference [39], [30] and [8].

Similar to the findings reported by reference [39], we found

that spherical RCMmechanism optimization can be achieved

by nonlinear programing algorithms, however, in the previous

study the scoring function was a synthesis of three individ-

ual elements and the constraint conditions were not used.

Table 4 shows a comparison of the previous study results (ID

2) with the above optimization result (ID 1). The kinematic

performance index is better in ID 2, however, the compre-

hensive performance index (F1) is worse than that of ID 1.

Reference [30] applied a genetic algorithm in spherical RCM

mechanism optimization, but the constraint conditions were

not used. The result, ID 3 in Table 4, showed worse kinematic

performance than the ID 1. Since the kinematic performance

index is crucial in order to successfully complete complex

surgical operations requiring dexterity, and the improvement

of kinematic GPI (f1) is less than 0.1 in ID 3, this result

does not meet the requirements. Reference [8] reported opti-

mization of the spherical RCM mechanism using the Culling

algorithm with only one objective and two constraints. The

result, ID 4 in Table 4, indicated that f1 was less than 0.1 and

the comprehensive performance index (F1) was worse than

the ID1.

IV. CONCEPT DESIGN OF THE NOVEL MIS ROBOT

A. MODULAR DESIGN

Modular design has been extensively applied in industrial

products because of itsmany advantages including low design

and manufacturing costs and convenient maintenance and
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FIGURE 6. The spherical RCM mechanism prototype.

subsequent repairs. The introduction of modular design into

the design process of medical robots facilitates disassembly,

assembly, maintenance, and disinfection of medical robots,

and hence reduces medical robot costs and expands their

application in MIS. The spherical RCM mechanism model is

shown in Figure 6. The spherical RCMmechanism comprises

three joints. Each joint is a separate module that is easy to

assemble, disassemble, and maintain.

B. DECOUPLING MECHANISM DESIGN

1) DECOUPLING DESIGN BETWEEN WRIST AND FORCEPS

OF SI

Commercial SIs are designed with flexible operation in mind,

however, the coupling motion between wrist and forceps

in commercial SIs reduces the dexterity of the SI causing

discomfort to the surgeon. The envelope angle σ1 of the

wire cable before rotation is shown in Figure 7 (a). The

envelope angle σ2 of the wire cable after rotation is shown

in Figure 7 (b). The change in length of CE is expressed

by (21).1AB is applied to compensate for1CE. The change

in forceps rotation angle caused by the coupling motion is

expressed by (22). We propose a new decoupling method

to solve this problem as shown in Figure 7 (c), (d). 1CE’

is equal to zero as the wrist movement range is [−90◦,

90◦], and the coupling motion between wrist and forceps is

eliminated.

1l = 0.5(σ2 − σ1)Dθ (21)

1γ = 21l
/

Dγ
(22)

where Dθ and Dγ are the diameters of wrist and pincers,

respectively.

2) DECOUPLING DESIGN BETWEEN FOUR INTERFACE DISKS

AND MOBILE PLATFORM

The four drive motors for the SI and one drive motor for

the mobile platform are located on the link near joint 2.

To reduce the drive torque of the joint 2 motor and the

volume occupied by the mobile platform shown in Figure

8, the drive torque is transmitted from motors to interface

disks by wire cables. However, when the mobile platform

moves, the distance between the motors and the interface

disks changes, and coupling motion occurs between the four

interface disk rotations and the mobile platform transla-

tion. Algorithm and mechanical compensations may be used

to eliminate the coupling motion. Because the maximum

range of the mobile platform is 310 mm, the wire wheel

FIGURE 7. The coupling and decoupling principle between wrist and
forcep. (a) The initial state of the commercial SI wrist; (b) The state of the
commercial SI wrist after rotation; (c) The initial state of the improved
commercial SI wrist; (d) The state of the improved commercial SI wrist
after rotation.

FIGURE 8. The coupling motion principle between four interface disks
and mobile platform.

used to compensate for the mobile platform is very big.

This leads to the larger volume of the RCM mechanism,

hence the algorithm method is not a good choice and the

mechanical method is therefore applied to eliminate coupling

motion.

The mobile platform is divided into three sections

(section 1, section 2, and section 3) as shown in Figure 9. The

four interface disks (S1, S2, S3, and S4), shown in Figure 21,

are mounted on section 1. The four drive motors for the SI

and one drive motor for mobile platform are installed on

section 3. The pulley and linear guide are fixed on section 2.

Section 1 can move up and down on section 2. Section 2 can

move up and down on section 3.

The wire cable routing for driving interface disks S1 and

S2 is shown in Figure 9 (a). When the downward velocity

of section 1 relative to section 2 is equal to the downward

velocity of section 2 relative to section 3, shortening in the ab

length equals the increase in the bc length, as the entire wire
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FIGURE 9. The decoupling principle of mechanism: (a) is the wire rope
routing for driving interface disks S1 and S2; (b) is the wire rope routing
for driving interface disks S3 and S4; (c) is the wire rope routing for
achieving downward velocity v12 = v23; (d) is the wire rope routing for
achieving upward velocity v12 = v23.

cable ac length does not change.When the upward velocity of

section 1 relative to section 2 is equal to the upward velocity

of section 2 relative to section 3, the increase in length ab

equals the shortening in length bc as the entire wire cable ac

length does not change. The decoupling design for interface

disks S1 and S2 is thus achieved.

The wire cable routing for driving interface disks S3 and

S4 is shown in Figure 9 (b). When the upward velocity of

section 1 relative to section 2 is equal to the upward velocity

of section 2 relative to section 3, shortening of the a′b′ length

equals the increase in b′c′ length as the entire wire cable

a′c′ length does not change. When the downward velocity

of section 1 relative to section 2 is equal to the downward

velocity of section 2 relative to section 3, the increase in the

a′b′ length equals the shortening of the b′c′ length as the entire

wire cable a′c′ length does not change. The decoupling design

for interface disk S3 and S4 is thus achieved.

The method used to ensure that the downward velocity of

section 1 relative to section 2 equals the downward velocity

of section 2 relative to section 3 is shown in Figure 9 (c).

According to the moving pulley theory, equation (23) is

derived since 1lbbcc = 1lbbdd , and hence equation (24) is

obtained.

Figure 9 (d) provides a schematic representation of how the

upward velocity of section 1 relative to section 2 was made to

equal the upward velocity of section 2 relative to section 3.

According to the moving pulley theory, equation (25) is

derived, because 1lbb′cc′ = 1ldd ′ee′ , and hence equation (26)

is obtained.

1laabb + 1lbbcc = 21lbbdd (23)

1laabb = 1lbbcc ⇒ 1laabb/1t = 1lbbcc
/

1t ⇒ v12 = v23
(24)

1laa′bb′ +1lbb′cc′ = 21ldd ′ee′ (25)

1laa′bb′ =1lbb′cc′ ⇒1laa′bb′/1t=1lbb′cc′/1t⇒v12=v23
(26)

where 1laabb, 1lbbcc, 1lbbdd , 1laa′bb′ , 1lbb′cc′ and 1ldd ′ee′

are the length variations of the wire aabb, bbcc, bbdd, aa’bb’,

bb’cc’ and dd’ee’ in the period of 1t respcetively.

V. MASTER-SLAVE CONTROL DESIGN

A. FORWARD KINEMATICS OF THE SLAVE ARM

The arm holding the SI comprises nine DOFs (q1, q2, q3, q4,

q5, q6, q7, q8,q9). The arm holding endoscope consists of six

DOFs (q1, q2, q3, q4, q5, q6). The naming convention and

the zero configuration (NCZC) of the slave arm is shown in

Figure 10.

FIGURE 10. The NCZC of arm, (a) is the arm fixing SI, (b) is the arm fixing
endoscopy.

To build the twists for the rotational and translational joints

for the arm holding the SI, note that

ω1 = ω2 = ω3 =
[

0 0 1
]T

, ω4 =
[

c1 0 −s1
]T

,

ω6 =
[

−s1s3 + c1c2c3 −s2c3 −s1c2c3 − c1s3
]T

,

ω7 =
[

−s1s3 + c1c2c3 −s2c3 −s1c2c3 − c1s3
]T

,

ω8 =
[

−s1c3 − c1c2s3 s2s3 s1c2s3 − c1c3
]T

,

ω5 =
[

c1c2 −s2 −c2s1
]T

, ω9 =
[

−c1s2 c2 −s1s2
]T

(27)

where s1 = sin(r11), c1 = cos(r11), s2 = sin(α1), c2 = cos(α1),

s3 = sin(α2), c3 = cos(α2).

To build the twists for the rotational and translational joints

for the arm holding endoscope, note that

ω1 = ω2 = ω3 =
[

0 0 1
]T

,

ω5 =
[

c11c2 −s2 −c2s11
]T

ω4 =
[

c11 0 −s11
]T

,

ω6 =
[

−s11s3+c11c2c3 −s2c3 −s11c2c3 − c11s3
]T

(28)

and the axis points for the arm holding SI are selected as (29),

shown at the bottom of the next page, and the axis points for

the arm folding endoscope are selected as

p1 =
[

0 0 0
]T

, p2 =
[

0 a1 d1
]T

,

p3 =
[

0 a1 + a2 d1
]T

,

p4 = p5 = p6 =
[

a1 + a2 + d5c11 0 d1 − d5s11
]T

(30)
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This yields twists for a rotational joint

ξ i =
[

ωi pi × ωi

]T
, i = 1, 2, 3, · · · , 8, 9 (31)

This yields twists for a translational joint

ξ i =
[

0 υ i
]T

, i = 1, 2, 3, · · · , 8, 9 (32)

and the zero configuration of the arms holding the SI and

endoscope are expressed by (33) and (34), as shown at the

bottom of the page, respectively.

The forward kinematics of the arm holding the SI and

endoscope are expressed by (35) and (36), respectively.

gst (q)= e
∧

ξ 1q1e
∧

ξ 2q2e
∧

ξ 3q3e
∧

ξ 4q4e
∧

ξ 5q5e
∧

ξ 6q6e
∧

ξ 7q7e
∧

ξ 8q8e
∧

ξ 9q9gst (0)

(35)

gst1(q)= e
∧

ξ 1q1e
∧

ξ 2q2e
∧

ξ 3q3e
∧

ξ 4q4e
∧

ξ 5q5e
∧

ξ 6q6gst1(0) (36)

B. INVERSE KINEMATICS OF THE ARM

1) INVERSE KINEMATIC OF ARM HOLDING THE SI

Based on (35), Equation (37) can be derived as:

e
∧

ξ 4q4e
∧

ξ 5q5e
∧

ξ 6q6e
∧

ξ 7q7e
∧

ξ 8q8

= (e
∧

ξ 1q1e
∧

ξ 2q2e
∧

ξ 3q3 )−1gst (q)gst (0)
−1(e

∧

ξ 9q9 )−1

= g1e
−

∧

ξ 9q9 (37)

First, both sides of (37) are multiplied by the intersection

p8 between q6, q7, and q8 axes. Second, the intersection p5
between q4 and q5 axes is subtracted from both sides of

equation, and finally, the equation is solved.

∥

∥(p8 − p5)
∥

∥ =

∥

∥

∥

∥

g1e
−

∧

ξ 9q9p8 − p5

∥

∥

∥

∥

(38)

q9 can be determined.

And since q9 is now known, Equation (37) yields

e
∧

ξ 4q4e
∧

ξ 5q5e
∧

ξ 6q6e
∧

ξ 7q7e
∧

ξ 8q8 = g1e
−

∧

ξ 9q9 (39)

First, both sides of (39) are multiplied by p9. Second, the

p5 is subtracted from both sides of equation, and the equation

is solved
∥

∥

∥

∥

(e
∧

ξ 8q8p9 − p5)

∥

∥

∥

∥

=

∥

∥

∥

∥

g1e
−

∧

ξ 9q9p9 − p5

∥

∥

∥

∥

(40)

q8 may be obtained using sub-problem 3. As q8 and q9 are

known, Equation (37) yields

e
∧

ξ4q4e
∧

ξ5q5e
∧

ξ6q6e
∧

ξ7q7 = g1e
−

∧

ξ9q9e−
∧

ξ8q8 (41)

Both sides of (41) are multiplied by the intersection p8
which yields

e
∧

ξ 4q4e
∧

ξ 5q5e
∧

ξ 6q6e
∧

ξ 7q7p8 = e
∧

ξ 4q4e
∧

ξ 5q5p8 = g1e
−

∧

ξ 9q9e−
∧

ξ 8q8p8

(42)

q4 and q5 may be obtained using sub-problem 2.

As q4, q5, q8 and q9 are known, Equation (37) yields

e
∧

ξ 6q6e
∧

ξ 7q7 = e−
∧

ξ 5q5e−
∧

ξ 4q4g1e
−

∧

ξ 9q9e−
∧

ξ 8q8 (43)

Both sides of (43) are multiplied by p9 to yield

e
∧

ξ 6q6e
∧

ξ 7q7p9 = e−
∧

ξ 5q5e−
∧

ξ 4q4g1e
−

∧

ξ 9q9e−
∧

ξ 8q8p9 = g4 (44)

Now q6 and q7 may be obtained using sub-problem 2

2) INVERSE KINEMATICS OF THE ARM HOLDING THE

ENDOSCOPE

Equation (36) becomes

e
∧

ξ 4q4e
∧

ξ 5q5e
∧

ξ 6q6 = e−
∧

ξ 3q3e−
∧

ξ 2q2e−
∧

ξ 1q1gst (θ )gst1(0)
−1 = g5

(45)

Both sides of (45) are multiplied by pr on the q6 joint,

which gives

e
∧

ξ4q4e
∧

ξ5q5e
∧

ξ6q6pr = e
∧

ξ4q4e
∧

ξ5q5pr = g4pr = g5 (46)

p1 =
[

0 0 0
]T

, p2 =
[

0 a1 d1
]T

, p3 =
[

0 a1 + a2 d1
]T

,

p4 = p5 = p6 = p7 =
[

a1 + a2 + d5c1 0 d1 − d5s1
]T

,

p8 =
[

a1 + a2 + d5c1 − d8(s1s3 − c1c2c3) −d8s2c3 d1 − d5s1 − d8(s1c2c3 + c1s3)
]T

,

p9 =
[

a1 + a2 + d5c1−(d8 + d9)(s1s3 − c1c2c3) −(d8 + d9)s2c3 d1 − d5s1 − (d8 + d9)(s1c2c3 + c1s3)
]T

(29)

gst (0) =









I3×3

a1 + a2 + d5c1 + (d8 + d9 + d10)(c1c2c3 − s1s3)

−(d8 + d9 + d10)s2c3
d1 − d5s1 − (d8 + d9 + d10)(s1c2c3 + c1s3)

0 0 0 1









(33)

gst1(0) =









I3×3

a1 + a2 + d5c11 + d8(c11c2c3 − s11s3)

−d8s2c3
d1 − d5s11 − d8(s11c2c3 + c11s3)

0 0 0 1









(34)
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Now q4 and q5 can be determined by applying sub-

problem 2. As q4 and q5 are known, q6 can be obtained based

on (46).

C. MASTER-SLAVE DESIGN

Themaster-slave control algorithm consisting of posture con-

sistency control, incremental motion control and proportion

motion control.

Posture consistency control comprises master motion con-

trol in display coordinate system (CS), armmotion control for

holding SI in endoscopy CS, arm motion control for holding

endoscopy in endoscope CS.

FIGURE 11. The definition of coordinate of MIS robot system.

1) ESTABLISHMENT OF THE MASTER-SLAVE CS

The master–slave CS is shown in Figure 11 including base

CS (Og -xyz), left master base CS (Oml-xyz), right master base

CS (Omr -xyz), end-effector reference CS of left master (Ohl-

xyz), end-effector reference CS of right master (Ohr -xyz),

display CS (Ov-xyz), end-effector reference CS of endoscopy

(Ote-xyz), end-effector reference CS of left arm holding SI

(Otl-xyz), end-effector reference CS of right arm holding SI

(Otr -xyz), base CS of the arm holding the endoscope (OE -

x0y0z0), base CS of left arm holding the SI (OLI -x0y0z0), and

base CS of right arm holding the SI (ORI -x0y0z0).

2) MASTER MOTION CONTROL IN THE DISPLAY CS

Master motion control in the display CS consists of end-

effector position increment of master in 1t and end-effector

absolute posture of master in t+1t . The end-effector position

and posture of master is described in (47), the position incre-

ment in 1t is given by (48), and the end-effector absolute

posture of master in the display CS is expressed in (49).

Ov
Ohl
M = Ov

Oml
R
Oml
Ohl

T Ov
Ohr

M =
OV
Omr

R
Omr
Ohr

T (47)

Ov
Ohl

1p = Ov
Oml

R
(

Oml
Ohl

pt+1t −
Oml
Ohl

pt

)

Ov
Ohr

1p = Ov
Omr

R
(

Omr
Ohr

pt+1t −
Omr
Ohr

pt

)

(48)

Ov
Ohl

ωt+1t = Ov
Oml

R
Oml
Ohl

ωt+1t
Ov
Ohr

ωt+1t =
Ov
Omr

R
Omr
Ohr

ωt+1t

(49)

where Ov
Ohl
M and Ov

Ohr
M are the left and right end-effector

position and posture of mater in display CS, respectively;
Oml
Ohl

T and
Omr
Ohr

T are the left and right end-effector position and

posture in the base CS of left and right master, respectively;
OV
Oml

R and
OV
Omr

R are the transformation matrixes between left,

right master and display CS, respectively;
Oml
Ohl

ωt and
Omr
Ohr

ωt

are the left and right end-effector posture in the base CS of

left and right master, respectively.

3) ARM MOTION CONTROL FOR HOLDING THE SI IN THE

ENDOSCOPY CS

It is important in a variety of surgeries that the pincer motion

of the SI is the same as the end-effector motion of the master,

the end-effector position and posture changes according to

the expectation of the surgeon.

When the local base CS of the endoscope arm is taken as

the global base CS of the three arms. The end-effector posi-

tion and posture of the arm holding the SI can be expressed

as follows:

Ote
Otl
T=

(

OE
Ote
T

)−1
OE
OLI

R
OLl
Otl

T
Ote
Otr
T=

(

OE
Ote
T

)−1
OE
ORI

R
ORl
Otr

T (50)

where
OLl
Otl

T and
ORI
Otr

T are the position and posture of the

end-effector CS (Otl-xyz and Otr -xyz) of the left and right

arm holding SI in the local base CS (OLI -x0y0z0 and ORI -

x0y0z0) of the left and right arm holding SI, respectively;
Ote
Otl
T

and
Ote
Otr
T are the position and posture of the end-effector CS

(Otl-xyz and Otr -xyz) of the left and right arm holding

SI in base CS of arm holding endoscopy, respectively;
OE
OLI

R and
OE
ORI

R are the transformation matrixes between

the local base CS (OLI -x0y0z0 and ORI -x0y0z0) of the left

and right arm holding SI and the local cs of arm holding

endoscopy, respectively;
OE
Ote
T is the position and posture of

the end-effector CS (Ote-xyz) in the base CS (OE-x0y0z0) of

arm holding endoscopy.

Where (α, β, γ , dx, dy, dz) is a set comprising the desired

changes of position and posture of the master in the display

CS. The desired end-effector position and posture of the SIs

in the global base CS is given as follows:

OE
Otld

T =
OE
Ote
TTd

Ote
Otl
T
OE
Otrd

T =
OE
Ote
TTd

Ote
Ote
T (51)

The desired end-effector position and posture of the SIs in

the local base CS of the arm holding the SI is obtained as

follows:

OLI
Otld

T =

(

OE
OLI

R
)−1

OE
Otld

T
ORI
Otrd

T =

(

OE
ORI

R
)−1

OE
Otrd

T (52)

The desired end-effector position and posture change of the

SIs in the local base CS of the arm fixing the SI is obtained

as follows:

1TLd =
OLI
Otld

T −
OLI
Otli

T1TRd =
ORI
Otrd

T −
ORI
Otri

T (53)

In order to verify the accuracy of arm motion control for

holding the SI in the endoscopy CS, a hybrid simulation based
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TABLE 5. The parameters of the arm fixing endoscopy.

TABLE 6. The parameters of the arm fixing SI.

TABLE 7. The position and posture input parameters of the instrument
manipulator based on endoscopic CS.

on Simulink and SimMechanics toolbox was performed. The

desired end-effector position change of SI in the endoscopy

CS was obtained by Simulink simulation based on (50), (51),

(52), and (53). The actual end-effector position change of

the SI in the endoscopy CS was obtained by SimMechanics

simulation based on the initial passive joint values and each

active joint value solved by inverse kinematics as input val-

ues. The input parameters of the arm holding endoscope and

of the arm holding the SI are shown in Table 5 and Table 6

respectively. The input parameters of simulation are shown

in Table 7. The desired end-effector position and posture

change is [−0.0036 0.06174 0.03127 23.84; 0.0311 −0.1129

−0.0713 −56.94; 0.1323 0.05925 −0.0479 −179; 0 0 0

0]. The actual end-effector position and posture change is

[−0.0036 0.06174 0.03127 23.84; 0.0311 −0.1129 −0.0713

−56.94; 0.1323 0.05925−0.0479−179; 0 0 0 0]. The desired

end-effector position and posture change is equal to the actual

end-effector position and posture change, which verifies the

correctness of arm motion control for the arm holding the SI

in the endoscopy CS.

4) ARM MOTION CONTROL FOR HOLDING THE

ENDOSCOPE IN THE ENDOSCOPY CS

During surgery, the doctor may need to adjust the endoscope

up/down, left/right, front/back according to the end-effector

CS of endoscope. 1p = [dx, dy, dz, 1]T is defined as the

position vector from the current field of view to the target

field of view based on the end-effector CS of endoscopy.

The absolute position of the target field of view based on the

global base CS is given as

OE
Oted

1p =
OE
Ote
T1p (54)

The initial endoscopic end position in the base CS of

the arm holding the endoscope is
OE
Otei

1p. The change to the

desired end position in the base CS of the arm holding the

TABLE 8. The position vector of the objective window with respective to
the current window.

endoscope is given as follows

1pE =
OE
Oted

1p−
OE
Otei

1p (55)

In order to verify the correctness of arm motion control for

the arm holding the endoscope in the endoscopy CS, a hybrid

simulation based on Simulink and SimMechanics toolbox

was performed. The desired end-effector position change of

the endoscope in the endoscopy CSwas obtained by Simulink

simulation based (54) and (55). The actual end-effector posi-

tion change of the endoscope in endoscopy CS was obtained

by SimMechanics simulation based the initial passive joint

values and each active joint value solved by inverse kinemat-

ics as input values. The input parameters of the arm holding

the endoscope are shown in Table 5, the input parameters of

simulation are shown in Table 8. The desired end-effector

position change is [38.0317; 6.4633; 12.2014]. the actual end-

effector position change is [38.0317; 6.4633; 12.2014]. The

desired end-effector position change is equal to the actual

end-effector position change, which verifies the correctness

of arm motion control for the arm holding the endoscope in

the endoscopy CS.

5) RELATIVE MOTION CONTROL

The position vectors of master and slave in the display CS are

depicted as follows:

Ov
Oml

R
(

Oml
Ohl

pt+1 −
Oml
Ohl

pt

)

=

(

OE
Ote
T

)−1
OE
OLI

R
(

OLl
Otl

pt+1−
OLl
Otl

pt

)

(56)

Ov
Omr

R
(

Omr
Ohr

pt+1 −
Omr
Ohr

pt

)

=

(

OE
Ote
T

)−1
OE
ORI

R
(

ORl
Otr

pt+1−
ORl
Otr

pt

)

(57)

where
Oml
Ohl

pt and
Omr
Ohr

pt are the position vectors of the end-

effector CS (Ohl-xyz and Ohr -xyz) in the left and right master

base CS, respectively.
OLl
Otl

pt and
ORl
Otr

pt are the position vectors

of the end-effector CS (Otl-xyz and Otr -xyz) in the left and

right base CS (OLI -x0y0z0 and ORI -x0y0z0) of arm fixing SI,

respectively.

The relative motion control is suitable for position control

and is not suitable for posture control, in order to maintain

the consistency of master-salve control, the absolute posture

control is given as follows:

Ov
Oml

R
Oml
Ohl

ω =

(

OE
Ote
T

)−1
OE
OLI

R
OLl
Otl

ω

Ov
Omr

R
Omr
Ohr

ω =

(

OE
Ote
T

)−1
OE
ORI

R
ORl
Otr

ω (58)

where
Oml
Ohl

ωt and
Omr
Ohr

ωt are the posture vectors of the end-

effector CS (Ohl-xyz and Ohr -xyz) in the left and right master

base CS, respectively.
OLl
Otl

ωt and
ORl
Otr

ωt are the posture vectors

of the end-effector CS (Otl-xyz and Otr -xyz) in the left and
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FIGURE 12. The master-slave motion algorithm consisting of three
control strategies.

right base CS (OLI -x0y0z0 and ORI -x0y0z0) of arm fixing SI,

respectively.

6) SCALE MOTION CONTROL

In order to meet the needs of different types of operation,

we designed amaster–slavemapping proportion control strat-

egy with 1:1, 3:1, and 5:1. For example, in order to reduce

the slave motion and improve the operation accuracy when a

blood vessel is sutured and knotted, the proportion can be set

as 5:1. The scale motion control should meet the requirement

of master–slave control consistency. The scale motion control

is given as follows

Ov
Oml

R
(

Oml
Ohl

pt+1 −
Oml
Ohl

pt

)

/k

=

(

OE
Ote
T

)−1
OE
OLI

R
(

OLl
Otl

pt+1 −
OLl
Otl

pt

)

(59)

Ov
Omr

R
(

Omr
Ohr

pt+1 −
Omr
Ohr

pt

)

/k

=

(

OE
Ote
T

)−1
OE
ORI

R
(

ORl
Otr

pt+1 −
ORl
Otr

pt

)

(60)

The scale motion control is suitable for position control but

is not suitable for posture control. Hence, the posture control

requirement should be satisfied using (58).

The master–slave control strategy including master–slave

motion consistency, relative motion control, and scale motion

control is shown in Figure 12.

VI. AUXILIARY CONTROL STRATEGY

A. MASTER-SLAVE POSTURE REGISTRATION

Relative position motion control is used, and the initial posi-

tion of the SI does not affect the position control. However,

the posture of the SI should be consistent with the gesture of

the master. The posture of the SI relative to the master should

be pre-registered when the SI is installed. There are two

methods to achieve registration. The first involves adjusting

the posture of the master to be consistent with the gestures

of the SI, while the posture of the SI remains unchanged.

The second involves adjusting the gestures of the SI to be

consistent with the posture of the master, while the posture

of the master remains unchanged. The second method was

applied because themaster wrist has nomotor and is therefore

passive.

FIGURE 13. The schematic diagram of Master-slave posture Registration.

FIGURE 14. Program flow chart.

There are two ways to carry out the second method. The

first is to adjust the gestures of the SI to be consistent with

the posture of the master when the wrist position of the

SI remains unchanged. The second is to adjust the gestures

of the SI to be consistent with the posture of the master

when the end-effector position of the SI remains unchanged.

The end-effector of the SI must remain spatially unchanged,

to prevent destruction of the tissue. In limited cases, the con-

nection between wrist and forceps may compress the tissue.

However, because the structure of the connection is not as

sharp as the tip of the end-effector of SI, this will not cause

tissue damage, and the safety of this approach is relatively

high. In Figure 13 the solid line indicates the position where

the SI is inserted, and the dotted line is the same as the posture

of the master after the instrument is registered.

Detailed implementation procedures are shown in

Figure 14. First, information on the joint position of the

master and slave is collected. The posture of the master in the

display CS and the spatial position of the SI are calculated

based on the forward kinematics. The three DOFs (q7, q8,

and q9) of the SI can be determined based on the calculated

values of the three joint positions (q4, q5, and q6) of the

RCM mechanism, and the posture information derived from
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FIGURE 15. Simulation result.

the master and slave inverse kinematics. In order to keep the

forceps spatial position unchanged, the three joint position

values (q7, q8, and q9) are substituted into the algorithm used

to keep the end-effector unchanged. Values for the three DOF

joint positions (q4, q5, and q6) of the RCM mechanism are

calculated, and the active joint position values (q4, q5, q6, q7,

q8, and q9) are substituted into the forward kinematics.

If the posture between the SI and master is not consistent,

the three DOFs (q7, q8, and q9) of the SI can be deduced

based on three joint position values (q4, q5, and q6) of the

RCM mechanism, and the posture information of the master

and slave inverse kinematics. In order to keep the end-effector

spatial position unchanged, the three joint position values (q7,

q8, and q9) are substituted into the algorithm used to keep the

end-effector unchanged. The three DOF joint position values

(q4, q5, and q6) of the RCM mechanism are calculated, and

the active joint position values (q4, q5, q6, q7, q8, and q9) are

substituted into the forward kinematics.

If the posture between the SI and the master is not con-

sistent, the above calculation procedure is repeated until the

posture between the master and the end-effector of the SI is

consistent.

The simulation experiment was used to confirm that the

above algorithm is correct and effective. The posture informa-

tion of the master is obtained as shown in (61). The position

of the end-effector of the SI is collected as shown in (62). The

active joint initial position is shown in Table 9. The simulation

results are shown in Figure 15. The position change of the

TABLE 9. Input parameters used in the simulation.

end-effector of the SI was very small, and the error was less

than 0.01 and hence negligible. The posture between master

and the SI was consistent after multiple iterations, the errors

between the elements of the posture matrix were less than

0.0001 and therefore negligible.

ω =





−0.4025 −0.6098 0.6827

−0.7255 −0.2423 −0.6442

0.5583 −0.7546 −0.3449



 (61)

p =
[

42.3650 −11.7931 −109.3960
]T

(62)

FIGURE 16. The schematic diagram of surgery instrument replacement.

B. SI REPLACEMENT STRATEGY

A variety of SIs are used in MIS, and corresponding SI

exchange strategies are necessary to ensure safe and quick

replacement of SIs. The three joints of the SI should return

to the initial position, before the SI can safely be removed

from the trocar. There are two methods by which this may

be achieved. In the first, most direct method, the three joints

are rotated directly to the initial position [Figure 16 (a)].

The second method involves rotating the three joints to the

initial position while keeping the position of the end-effector

of the SI unchanged [Figure 16 (b)]. The second method is

preferred, as it causes no damage to the tissue. In limited

cases, the connection between the wrist and forceps may

compress the tissue. However, because the structure of the

connection is not as sharp as the tip of the SI, it will not

cause tissue damage. Hence, the safety of this approach is

relatively high. The corresponding calculation procedures are

shown in Figure 17. The joint position information of the

RCM mechanism is collected and the end-effector positions

of the SIs calculated based on forward kinematics.

Supposing that the above zeroing work is completed by n

steps. In the ith step, the positions of q7, q8, and q9 joints

are shown in (63). In the i-1 step, the positions of the q4, q5,

and q6 joints are q4(i−1), q5(i−1) and q6(i−1). The positions

of the wrist (pxw(i), pyw(i), pzw(i)) and the end-effectors of

the SIs (pxm(i), pym(i), pzm(i)) are calculated based on forward

kinematics. The relationship between wrist and forceps of the

SI is given by (64).
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FIGURE 17. Program flow chart.

In order to keep the position of the forceps unchangedwhen

the joints (q7, q8, and q9) return to their original positions,

the position of compensation in the wrist is calculated for the

end-effector position change of the SI as shown in (65). The

joint positions (q4, q5, and q6) can be calculated based on

inverse kinematics. When the nth step is completed, the joints

(q7, q8, and q9) return to their initial positions, and the SI may

be extracted.

Motion simulation around a fixed point is used to validate

the above algorithm in terms of accuracy and effectiveness.

The simulation set is shown in Table 10. The simulation

results are shown in Figure18. The error was less than 0.004

mm and therefore negligible. (63)–(66), as shown at the

bottom of the page.

VII. EXPERIMENTS AND RESULTS

A. EXPERIMENTS TO VERIFY THE EFFECTIVENESS OF

TWO DECOUPLING METHODS

1) EXPERIMENT TO VERIFY THE FIRST DECOUPLING

METHOD

The experiments were carried out to test the angle variation

of pincer movement caused by the coupling motion between

wrist and forceps, applying the Optotrak certus system. Three

markers were used to record the positions of the two forceps

FIGURE 18. The simulation of movement around the fixed point.

TABLE 10. Input parameters used in the simulation.

and wrist as shown in Figure 19. The length fromMarker 1 to

Marker 2 is represented by a, where 1a reflects the angle

variation of pincer movement caused by the coupling motion

between wrist and forceps. The length between Marker 1 and

Marker 3 is represented as b, and c is the length between

Marker 2 and Marker 3. The wrist movement is set as 0◦ ∼

90◦ ∼ 0◦ ∼ −90◦ ∼ 0◦. Figure 20 shows 1a, 1b, and 1c.

|1a| < 0.06mm, rotational angle of pincer movement caused

by the coupling motion is less than 0.09◦ (the pincer length is

20 mm). 1a is very small and does not influence the position

of the forceps. 1b and 1c indicate the effects on the wire

cable pretension between forceps andwrist andmay affect the

pincer posture. However,1b< 0.07 mm and 1c< 0.06 mm,

which are very small and hence do not affect the surgeon’s

ability to operate.

2) EXPERIMENT TO VERIFY THE SECOND DECOUPLING

METHOD

The experiment was performed to test the angle variation of

four rotatory interface disks of the SI caused by the coupling

motion between rotational motion (S1, S2, S3, and S4 in

Figure 21) and the translational motion (S5 in Figure 21) of

q7i = q70 − (i/n) q70 q8i = q80 − (i/n) q80 q9i = q90 − (i/n) q90 (63)

l =
[

pwx − pmx pwy − pmy pwz − pmz
]T

(64)

pt =
[

pwx(i) − pmx(i) + pmx pwy(i) − pmy(i) + pmy pwz(i) − pmz(i) + pmz
]

(65)

1q6 =

√

(

ptx − pOx
)2

+

(

pty − pOy

)2
+

(

ptz − pOz
)2

− l1 − l2 − qt6 (66)
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FIGURE 19. The experiment to test the angle variation of pincer
movement.

FIGURE 20. The length changes of a, b and c .

FIGURE 21. The experiment to test coupling motion.

the mobile platform. Six markers (Marker 4, 5, 6, 7, 8, and

9) were installed on interface disk S1, isolation board, inter-

face disk S2, interface disk S3, isolation board and interface

disk S4, respectively, to record the positions of S1, S2, S3,

S4, and isolation board as shown in Figure 21. The lengths

between Markers 4, 6 and 5, are d and e respectively. The

lengths between Markers 7, 9 and 8 are f and g, respectively.

The change in length is expressed by (67) and represents

the coupling motion. The movement process of the mobile

platform is set as 0 mm ∼ 310 mm ∼ 0 mm ∼ 310 mm.

The test results are shown in Figure 22 as 1d < 0.01 mm,

1e< 0.015 mm, 1f < 0.03 mm, and 1g< 0.02 mm, which

means that the angle variations of four rotatory interface disks

of the SI are 0.06◦, 0.09◦, 0.17◦, and 0.1◦, respectively (the

diameters of S1, S2, S3, and S4 are 20 mm). These changes

are very small and probably caused by differential pretension

forces, machining and assembly errors.

1d = dt − d0 1e = et − e0 1f = ft − f01g = gt − g0

(67)

FIGURE 22. The test results.

FIGURE 23. The experiment to test the change in the position of the
fixing point.

where dt, et, ft and gt are the lengths of the d, e, f and g at

time t , d0, e0, f0 and g0 are the lengths of the d , e, f and g at

time 0, respectively.

B. EXPERIMENT TO TEST THE PERFORMANCE INDICES

OF MIS ROBOT

1) EXPERIMENT TO TEST THE POSITION CHANGE OF THE

FIXING POINT OF THE SPHERICAL RCM MECHANISM

Marker 1 is installed to record the position of the fixing point

as shown in Figure 23. The rotation process of joint 1 in

the spherical RCM mechanism is 0 ◦ ∼ 90 ◦ ∼ 0 ◦ ∼

90 ◦ ∼ 0 ◦. The rotation process of joint 2 in the spherical

RCM mechanism is 0 ◦ ∼ 90 ◦ ∼ 165 ◦ ∼ 90 ◦ ∼ 0 ◦. The

definition of the fixing point spatial position change is given

by (68). Figure 24 shows 1x < 0.5 mm, 1y < 0.65 mm, 1z

< 0.6 mm. The change in position of the fixing point occurs

within a spherical area with a diameter of 1.6 mm, which is

within the elastic deformation range of epidermal tissue and

thus does not destroy epidermal tissue.

1xi = xi −
1

n

n
∑

j=1

xj 1yi = yi −
1

n

n
∑

j=1

yj
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FIGURE 24. The change in the position of the fixing point.

FIGURE 25. (a) The definition of positioning accuracy and repeating
positioning accuracy; (b) The cube and test points.

1zi = zi −
1

n

n
∑

j=1

zj

Rp = max{

√

(1xi)2 + (1yi)2 + (1zi)2} (68)

2) MIS ROBOT POSITIONING AND REPEATED POSITIONING

ACCURACY TEST

TheMIS robot positioning and repeated positioning accuracy

test was conducted using the Optotrak certus system. Based

on ISO 9283:1998, the positioning accuracy is shown in

Figure 25 (a) and expressed as

APP =

√

(
_
x − xc)2 + (

_
y− yc)2 + (

_
z− zc)2,

_
x =

1

n

n
∑

j=1

xj,
_
y =

1

n

n
∑

j=1

yj,

_
z =

1

n

n
∑

j=1

zj,APx =
_
x − xc,APy =

_
y− yc,APz =

_
z− zc

(69)

Repeated positioning accuracy is shown in Figure 25 (a)

and expressed as

RPl =
_

l + 3Sl, la =
1

n

n
∑

i=1

li,

FIGURE 26. The 30 experiment results.

FIGURE 27. The trajectory of collar experiment.

li =

√

(xi −
_
x)2 + (yi −

_
y)2 + (zi −

_
z)2,

_
x =

1

n

n
∑

j=1

xj,
_
y =

1

n

n
∑

j=1

yj,

_
z =

1

n

n
∑

j=1

zjSl =

√

√

√

√

n
∑

j=1

(li − la)/n− 1 (70)

Referring to ISO 9283:1998, five points are located in the

cube, which has the maximum volume allowable with the

edges parallel to the base CS. Figure 25 (b) is applied to

test the positioning and repeated positioning accuracy. The

C1C2C6C8 plane with five test points (P1, P2, P3, P4, and P5)

is the test plane. The C1, C2, C6, C8, P1, P2, P3, P4, and P5
positions are shown in Table 11. The test path of 30 repeated

experiments is P1 → P2 → P3 → P4 → P5 → P1,

the corresponding test results are shown in Figure 26. The

corresponding positioning and repeated positioning accuracy

are shown in Tables 12 and 13, respectively. The minimum

positioning and repeated positioning accuracy of the MIS

robot are 1.40 mm and 0.25 mm, respectively.

C. EXPERIMENT TO VERIFY THE MASTER-SLAVE COTROL

ALGORITHM

Collar and threading tests were used to validate the accuracy

and efficiency of the master–slave control algorithm. In order

to make these validations simultaneously, the requirements

of the collar and threading tests for the mast–slave control

algorithm were high.
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TABLE 11. The position of points depicted in Figure 29.

TABLE 12. Positioning accuracy of five points.

TABLE 13. Repeated position accuracy of five test points.

FIGURE 28. Trajectory tracking experiment of the master-slaver control
algorithm.

1) COLLAR EXPERIMENT

The settings of the collar experiment were 4 mm column

diameter, 7 mm collar diameter, operational panel fixed on

the table, and two SIs used to clamp collars in place on the

column. The operational trajectory is shown in Figure 27. The

partial trajectories of the master and slave during experiment

were collected, and the desired trajectory of the slave calcu-

lated based on themaster–slave control algorithm. The related

trajectory is shown in Figure 28 a) and b). The slave trajectory

followed the master trajectory. The absolute position of the

FIGURE 29. Collar experiment.

FIGURE 30. The trajectory of threading experiment.

slave and master was not consistent, and the incremental

position control was realized. The position increments of the

master and slave are shown in Figure 28 c). The movement

trend between master and slave was consistent. Because the

scale was set at 3:1, the master position increment was greater

than the slave position increment, and proportional control

was achieved. The desired joint position of the slave can be

calculated based on slave inverse kinematics and the master

trajectory. The desired trajectory of the slave can be obtained

based on forward kinematics. The actual trajectory of slave

can be calculated based on the actual joint position and

forward kinematics. The desired and actual trajectories of the

slave are shown in Figure 28 d). This indicates that the slave

follows the trajectory of master, reproducing the surgeon’s

hand trajectory and successfully completing the operation.

The actual operation experiment of operators was used to

verify the consistency of the master-slave attitude. The doctor

operated two masters to control the slave to realize the collar

experiment, the experiment process is shown in Figure 29,

it can be seen that the loop was successfully placed on

the column by the SIs, the master-slave attitude consistency

motion control was realized. This collar experiment verifies

the correctness and effectiveness of the master-slave control

algorithm for the MIS robot.

2) THREADING EXPERIMENT

The settings of the threading experiment were a 4 mm hole

diameter, 0.5 mm thread diameter, the operational panel fixed

on the table, and two SIs hold the suture to complete the

threading. The operational trajectory is shown in Figure 30.
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FIGURE 31. Trajectory tracking experiment of the master-slaver control
algorithm.

FIGURE 32. Threading experiment.

The partial trajectories of the master and slave during the

experiment were collected, and the desired trajectory of the

slave calculated based on the master–slave control algorithm.

The related trajectory is shown in Figure 31 a) and b). The

slave trajectory followed the master trajectory. The absolute

position of the slave and master was not consistent, however

incremental position control was achieved. The incremental

positions of the master and slave are given in Figure 31 c).

The movement trend between master and slave was consis-

tent. Because the scale was set as 3:1, the master position

increment was greater than the slave position increment, and

proportional control was achieved. The desired joint position

of the slave can be calculated based on the slave inverse

kinematics and themaster trajectory. The desired trajectory of

the slave can be obtained based on the forward kinematic. The

actual trajectory of the slave can be calculated based on the

actual joint position and the forward kinematics. The desired

and actual trajectories of the slave are shown in Figure 31 d).

In conclusion, the slave follows the trajectory of the master,

reproduces the doctor’s hand trajectory and completes the

operation.

FIGURE 33. Cholecystectomy experiment.

FIGURE 34. Trajectory tracking experiment of the master-slaver control
algorithm.

The actual operation experiment of operators was used

to verify the consistency of the master-slave attitude. The

doctor operated two masters to control the slave to realize

the threading experiment, the experiment process is shown in

Figure 32, it can be seen that the threading was successfully

passed through the hole by the SIs, the master-slave atti-

tude consistency motion control was realized. This threading

experiment verifies the correctness and effectiveness of the

master-slave control algorithm for the MIS robot.

D. ANIMAL EXPERIMENTS

1) CHOLECYSTECTOMY EXPERIMENT

The validity of the entire MIS robot system was verified by

animal experiments. A cholecystectomy was performed on
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FIGURE 35. Nephrectomy experiment.

TABLE 14. The error between the ideal and practical trajectory.

a 35 kg pig. The time taken for preoperational preparation

was about 30 min. The entire surgical process is shown in

Figure 33. It took about 30 min to complete the surgery and

only 15 ml of blood was lost. The pig revived 40 min after

surgery, and walked 10 min later. It started eating 8 hours

post-surgery. The pig’s survival and good health indicate

that the performance indices of the MIS robot (decoupling

motion, accuracy of the fixed point, positioning accuracy

and repeated positioning accuracy) meet the surgical require-

ments without causing damage to tissues or organs. The

small amount of bleeding also indicates that the robot is well

controlled and has high dexterity.

The partial trajectories of the master and slave were col-

lected during the experiment, and the desired trajectory of

the slave was calculated based on the master–slave con-

trol algorithm. The master and desired slave trajectories are

shown in Figure 34 a) and b). The slave trajectory followed

the master trajectory. Since the proportional control factor

was set to 3:1, the master position increment was greater

than the slave position increment as shown in Figure 34 c),

however, the movement trend between master and slave was

consistent. Based on the joint positions collected for the

slave manipulator and forward kinematics of slave, the actual

trajectory may be calculated as shown in Figure 34 d). The

slave follows the desired trajectory well. The error between

the desired trajectory and actual trajectory of slave is shown in

Table 14. The maximum trajectory tracking error was 0.7531

mm, which meets surgical accuracy requirements.

FIGURE 36. Trajectory tracking experiment of the master-slaver control
algorithm.

TABLE 15. The error between the ideal and practical trajectory.

2) NEPHRECTOMY EXPERIMENT

The nephrectomy experiment was performed on a 30 kg

pig. The time taken for preoperational preparation was

about 40 min. The entire surgical process is shown in

Figure 35. It took about 45 min to complete the surgery and

only 10 ml of blood was lost. The pig revived 45 min after

surgery, and walked 10 min later. It started eating 8 hours

post-surgery. The pig’s survival and good health show that the

performance indices of the MIS robot (decoupling motion,

accuracy of the fixed point, positioning accuracy and repeated

positioning accuracy) meet the surgical requirements without

causing damage to tissue or organs. The small amount of

bleeding also indicates that the robot is well controlled and

has high dexterity.

The partial trajectories of the master and slave were col-

lected during the experiment, and the desired trajectory of

the slave was calculated based on the master–slave con-

trol algorithm. The master and desired slave trajectories are

shown in Figure 36 a) and b). The slave trajectory followed

the master trajectory. The proportional control factor was

set to 3:1, thus the master position increment was greater

than the slave position increment as shown in Figure 36 c).

However, the movement trend between master and slave was

consistent. Based on the joint position collected form the

slave manipulator and forward kinematics of slave, the actual

trajectorywas calculated and shown in Figure 36 d). The slave

followed the desired trajectory well. The error between the

desired trajectory and actual trajectory of slave is shown in

Table 15. The maximum trajectory tracking error was 0.7068

mm, which meets surgical accuracy requirements.

VIII. CONCLUSION

In this study, we developed a comprehensive multi-objective

dimensional optimization model including four optimization
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objectives, three constraints, and two optimization variables

to obtain the better comprehensive performance indices for

the spherical RCM mechanism. The spherical RCM mecha-

nism was derived based on the optimization results from the

model design. The accuracy of the fixing point was found

experimentally to fall within a 1.6 mm diameter circle. The

position accuracy and repeatability of the spherical RCM

mechanism were found to be within the requirements of MIS

(1.4 mm and 0.24 mm, respectively).

Two mechanical decoupling methods were applied to

remove the coupling motion between the wrist and forceps,

and between the translational joint and four rotation interface

disks of the SI in order to enhance the manipulability, and

remove the coupling between motors and reduce the control

difficulty. Experiments to test the coupling motion between

wrist and forceps and test the coupling motion between four

interface disks and mobile platform were conducted to vali-

date the effectiveness of two methods.

The master–slave control strategy consisting of master–

slave motion consistency, relative motion control, and scale

motion control was designed. Collar and threading tests for

the master–slave control algorithm were completed to val-

idate the effectiveness of the master–slave control strategy.

Auxiliary control strategies consisting of master–slave pos-

ture registration and SI replacement strategies were designed

and validated by simulation.

Finally, successful animal experiments validated the effec-

tiveness of the MIS robot system.
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