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ABSTRACT Existing minimally invasive surgical (MIS) robots are generally large, complex and expensive,
which greatly increases the operation cost and limits the applications of MIS robot technology. To solve
these problems, a small table-attached MIS robot that combines the high efficiency of the traditional MIS
technique and the dexterity of robotic operations is proposed in this paper. The master and slave manipulators
of the new robot are integrated, which allows the surgeon to manipulate the robot next to the operation
table. Moreover, the novel design can be used with existing MIS instruments, providing surgeons dexterous
operation and intuitive motion control with guaranteed operation efficiency. To simplify the structure of the
robotic system, a multistage cable transmission structure is established. In addition, to reduce the difficulty of
operations, especially suturing operations, a novel surgical instrument is developed with a ““roll-pitch-distal
roll” wrist and a quick-exchange interface. To overcome the uncoordinated hand-eye movement caused by
the fulcrum effect, a motion mapping model is established for the robot. A prototype of the robot is developed
and subsequently subjected to various tests. The results show that the instrument quick-exchange time is less
than 20 s and that the maximum position and orientation trajectory errors are 0.46 mm and 0.87°, respectively.
Finally, the feasibility and effectiveness of the proposed MIS robot are systematically verified through an in

vivo animal experiment.

INDEX TERMS Animal experiment, cable transmission, MIS robot, motion mapping.

I. INTRODUCTION

Currently, minimally invasive surgical (MIS) technology is
generally accepted by both surgeons and patients. In mini-
mally invasive surgery, several long thin surgical instruments
are inserted into the patient’s body through small incisions
in the patient’s body wall [1], [2]. Compared with invasive
surgery, minimally invasive surgery provides several ben-
efits, including less trauma, pain and blood loss, smaller
scars, faster recovery times, considerably lower costs (due
to shorter hospital stays), and reduced complication risks.
However, surgeons require superior skills to perform MIS
operations due to the following constraints caused by the inci-
sions: (a) restricted instrumental degrees of freedom (DOFs),
as only 4-DOF motions are allowed around the incisions [3];
(b) uncoordinated hand-eye movement, as the hand and the
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instrument tip exhibit opposite movement; and (c) low oper-
ating accuracy, as the surgeon’s tremors are magnified at
the end of the instrument. These constraints greatly limit the
promotion and popularization of minimally invasive surgery.

With the development of robotic technologies and surgical
technologies, the use of robots in minimally invasive surgery
is rapidly increasing. The direct effects of robot-assisted
MIS (RMIS) technology include (a) improved operation dex-
terity and precision, (b) restored natural hand-eye coordi-
nation, and (c) enhanced operation environment based on
an ergonomic design. The introduction of three-dimensional
vision technology has further promoted the development
of robot-assisted minimally invasive surgery [4]. In recent
years, MIS robots and related technologies have attracted
increasing attention from researchers globally. Many pro-
totypes have been successfully developed, including the da
Vinci robot [5], [6], the MiroSurge robot [7], [8], the Avatera
robot [9], the Revo-I robotic system [10]-[12], the Versius
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robotic system [13], and the Senhance robot [14], [15]. These
prototypes are master-slave robots, as the surgeon controls the
remote slave manipulators by operating the master manip-
ulators. Because the movements of the surgeon’s hand are
reproduced by the slave manipulators, these surgical robots
can enable intuitive operation. Among the abovementioned
prototypes, the da Vinci surgical robotic system, launched
by Intuitive Surgical, is the most successful Food and Drug
Administration (FDA)-approved commercial MIS robot [16];
this system has been well-received by the clinical community.
However, because this robot requires a large operation room
for the master and slave cart, a time-consuming setup pro-
cedure and high costs, the da Vinci surgical robotic system
may not be the best choice for many surgical procedures and
hospitals.

Miniaturization has become an important research direc-
tion in surgical robot technology. Rosen et al. [17] proposed
a small, bendable surgical robot for single-portal minimally
invasive surgery. Zemiti ef al. [18] developed a compact,
lightweight robot that is mounted directly on the patient’s
body. Kim er al. [19] designed a portable MIS robot with
manipulation-sensing capability. Laribi et al. [20] proposed a
spherical serial surgical robot that is compact, portable, and
inexpensive. Li et al. [21] designed a compact, highly inte-
grated MIS robot with master manipulators, slave manipula-
tors, an image display device and a control system designed
as a single unit. In addition, Choi and Park [22] devel-
oped a compact, modular telesurgical robot system that can
simultaneously operate one laparoscopic arm and up to four
instrument arms as needed. However, the simplified base and
support structures may increase the difficulty and complexity
of the preoperative setup procedure. Some handheld surgi-
cal robots have been developed to overcome the drawbacks
of the large master-slave MIS robot. Matsuhira et al. [23]
and Sieber et al. [24] proposed handheld surgical robots
driven by electric motors. Hassan-Zahraee et al. [25] devel-
oped a lightweight robot with actuators that were separated
from the main body. Miyazaki et al. [26] proposed a pneu-
matically driven handheld surgical robot. Sholev [27] and
Awtar et al. [28] designed a compact handheld surgical robot
with a wearable handle. Kim et al. [29] proposed a handheld
surgical robot that hybridizes the tendon-gear mechanism
and flexible tendon-sheath transmission. Payne et al. [30]
devised a handheld mechatronic device with a flexible manip-
ulator for arthroscopic interventions, and Yang et al. [31]
developed a modular handheld surgical robot with inter-
changeable 4-DOF instruments. These handheld surgical
robots are smaller in size and require less setup time. How-
ever, uncoordinated hand-eye movement remains a problem
in minimally invasive surgery using these kinds of systems.

To create greater economic benefits for robot-assisted min-
imally invasive surgery, this paper proposes a new operation
mode and presents the development of a compact surgical
robot based on this operation mode. Existing operation modes
are analyzed, and the new operation mode is elaborated.
Then, an overview of the master-slave integrated surgical
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FIGURE 1. Comparison of different operation modes for minimally
invasive surgery. (a) Handheld mode. (b) Robot-supported mode.
(c) Robot-assisted mode. (d) Combined mode.

robot based on the proposed operation mode is presented.
Furthermore, the transmission structure of the proposed robot
is analyzed, and the motion mapping and control strategy are
established based on the transmission modeling. An experi-
mental study is implemented to validate the proposed surgical
robot. Finally, a discussion is presented, and the conclusions
are drawn.

Il. MATERIALS AND METHODS

A. OPERATION MODE ANALYSIS

Existing operation modes for minimally invasive surgery
mainly include (a) handheld mode, (b) robot-supported
mode, and (c) robot-assisted mode. In surgery based on the
first operation mode, the surgeon carries out the surgical
procedures directly with handheld instruments, as shown
in Fig. 1(a). Because of its simplicity, this operation mode has
notably high efficiency. However, operation dexterity in this
mode is limited, hand-eye coordination is poor, and tremors
and fatigue caused by long-term operation will directly affect
operation quality. For the second operation mode, such as
that used in the MC2E system, a specially designed robot
is used to support/hold the surgical instruments, which can
help improve the operation accuracy and reduce the surgeon’s
fatigue, as shown in Fig. 1(b). However, the problem of
hand-eye incoordination remains unsolved. The third oper-
ation mode, such as that used in the da Vinci surgical system,
is generally master-slave operation, as shown in Fig. 1(c).
The surgical robot, which is composed of several master
and slave manipulators, provides more DOFs than the first
two operation modes. However, such a system is usually
complicated and requires a larger operating room, and the
operation time is significantly extended, which reduces the
operation efficiency.

In minimally invasive surgery, the instrument manipulated
by the left hand is usually used to perform simple operations
such as lifting, supporting and dragging, whereas the right
instrument is used to perform complex or fine operations such
as suturing, dissociation and cutting. Based on this division
of labor, an operation mode that combines the advantages
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FIGURE 2. Overall composition of the proposed master-slave integrated
MIS robot.

of MIS techniques and robotic technology is adopted in
this paper, as shown in Fig. 1(d). In this mode, a surgeon
controls conventional instruments with their left hand and a
specially designed new surgical robot with their right hand
to perform surgery. By combining the two MIS technologies,
the high efficiency and high precision requirements of MIS
operation can be achieved. In addition, the size and weight of
the robot can be significantly reduced. Thus, the portability
of the robot is enhanced. Moreover, contact between the
surgeon and the patient, which is lost in other robot-assisted
operation modes, is preserved under the proposed operation
mode, and interaction between the surgeon and the assistants
can also be greatly improved. Then, to match the proposed
operation mode, a novel master-slave integrated MIS robot is
developed, the design details of which are described below.

B. OVERVIEW OF THE ROBOT

As outlined above, a novel MIS robot is designed that a
surgeon can operate in the proposed mode. During surgery,
the surgeon manipulates the traditional MIS instruments with
their left hand and operates the handle of the robot with their
right hand; the operation is carried out under the guidance
of a 3D image system. Therefore, the composition of the
surgical robot requires only one master manipulator and one
corresponding slave manipulator in this operation mode. The
designed novel integrated master-slave MIS robot is shown
in Fig. 2. The proposed surgical robot consists of one master
manipulator, one slave manipulator, one control box, and a
set of pedals. These structural units are highly integrated
into one base mounted on an operating table. The base,
which consists of a column and a crossbeam, can provide
4-DOF passive movements (rotations Rp; and Rp, and trans-
lations Tp3 and Tpy4) for preoperative position adjustment of
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FIGURE 3. Different body position requirements satisfied by rotating the
swivel head.

the manipulators. This master-slave integrated, table-based
structural design greatly reduces the size and weight of the
robot.

A swivel head on which the master and slave manipulators
are mounted is designed at the tip of the crossbeam. This
swivel head can be manually rotated from —90° to 90°,
as shown in Fig. 3. Moreover, this device fulfills the various
operation postures in different operations. By adjusting the
position and direction of the swivel head, the manipulators
can quickly reach the initial surgical positions during the
preoperative procedure.

The master manipulator of the robot is used to acquire
motion information of the surgeon’s hand, whereas the slave
manipulator is used to manipulate the multi-DOF instru-
ment. To meet the requirements of incision constraints,
the instrument of the robot should pivot around the incision,
which requires the slave manipulator to realize a specific
kinematic movement; this pivot point is the remote center
of motion (RCM). The proposed surgical robot adopts a
mechanical self-restraint mechanism to realize an RCM. The
slave manipulator of the robot is designed based on a double
parallelogram mechanism, as shown in Fig. 4, and a cable
transmission method is adopted in the mechanical design of
the slave manipulator to reduce volume and weight and to
avoid the singularity that exists in link-based parallelogram
structures.

The workspace of MIS robots should be able to meet
the needs of minimally invasive surgery. For surgical instru-
ments to reach any surgical field in the abdominal cavity,
the surgical instruments need to be able to pitch by 160°
and yaw by 120° around the RCM point [32]. By reasonably
selecting the access location of the robot, the workspace of
MIS robots can cover the volume of the abdominal cavity

41149



IEEE Access

H. Zhang et al.: System Design of a Novel MIS Robot That Combines the Advantages of MIS Techniques and Robotic Technology

S Yaw <>
= =E§
Synchronous belt t
S, 302 J
‘ k‘ (, 150
\ 3 AL
| PEEitch

A

Linear

FIGURE 4. Master and slave manipulators of the MIS robot.

to meet surgical requirements. However, without increasing
the volume of the robot, the workspace is preferably as large
as possible to allow the robot to adapt to different complex
situations. For the proposed MIS robot, folding and unfolding
the slave manipulator can realize the pitch motion of the
instrument shaft. Due to the folding joint layout, the pitch
motion can reach a range of —30° to 150°. To further realize
the RCM, the rotation axis of the slave manipulator relative
to the swivel head passes through the RCM of the dou-
ble parallelogram mechanism, and the corresponding rota-
tion motion realizes the yaw motion (—75° to 75°) of the
instrument shaft. Therefore, the workspace of the proposed
robot can cover the volume of the abdominal cavity. In addi-
tion, because a complex operation often requires a variety
of instruments, quick-exchange functionality is indispens-
able. Thus, a quick-exchange interface is designed at the
distal end of the slave manipulator, and the translation of
the quick-exchange interface realizes the linear motion of
the instruments with a range of 0-260 mm. To simplify the
kinematic control algorithm, the master manipulator, which
functions as the motion input device of the robot, adopts the
same DOF layout as the slave manipulator; that is, the master
manipulator also has pitch, yaw, and linear DOFs. More-
over, the rotating joints of the master and slave manipulators
relative to the swivel head are directly connected with a
synchronous belt, as shown in Fig. 4.

Depending on the clinical requirements, instruments that
have been sterilized before operation should be kept ster-
ile during surgery. Therefore, an aseptic isolation adapter
is designed between the quick-exchange interface and the
instruments, as shown in Fig. 5. Moreover, the driving sys-
tem of the instruments is also highly integrated into the
quick-exchange interface to further reduce the size and
complexity of the robot.

A novel instrument is designed for the robot to reduce
the difficulty of surgical operations. Suturing is one of the
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most important and complex surgical operations. In a suture
operation, the movement of the needle is roughly a rotation
about the bisector line of the two jaws of the instrument.
The da Vinci surgical system, in which the instrument has a
roll-pitch-yaw DOF arrangement, realizes the suture motion
by using six-axis coordinated motion. This demands a com-
plicated control algorithm and high overall system require-
ments. To complete the suturing action more simply and
effectively, a roll joint rotating about its own axis is designed
at the distal end of the instrument, so that the novel instru-
ment has a roll-pitch-distal roll DOF arrangement. Under
this condition, by combining the movements of the slave
manipulator, the proposed surgical robot executes 7-DOF
motion, as shown in Fig. 6. During surgery, when the axis of
the distal roll joint is adjusted parallel to the incision direction
of the tissue, the suturing action can be easily achieved by
rotating only the distal roll joint.
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FIGURE 7. Multistage cable transmission structure of the slave
manipulator.

To intuitively enhance the manipulability, the handle of
the master manipulator adopts the same DOF arrangement
as the instrument, as shown in Fig. 6. The ergonomic design
of the holding structure enables the handle to match a human
hand very well. In particular, the motion of the distal roll joint
of the handle is very similar to the twisting motion of the
thumb and forefinger and thus can fully exploit the flexibility
of the operator’s hand.

IIl. TRANSMISSION MODEL OF THE ROBOT

A reasonable transmission structure and accurate transmis-
sion model are essential for an MIS robot to precisely perform
operations. In robot-assisted minimally invasive surgery,
the motion information of the master manipulator of the
proposed robot is measured with sensors and encoders, which
are mounted directly at each joint of the master manipula-
tor. Therefore, only the transmission structure of the slave
manipulator needs to be analyzed. For the slave manipulator
of the proposed MIS robot, due to the size limitation of the
mechanical structure, a cable transmission method is adopted
to achieve long-distance power transmission in the confined
space, as shown in Fig. 7.

The first joint of the slave manipulator is directly connected
to the first joint of the master manipulator through a typical
synchronous belt rather than by means of a control method,
which helps reduce the complexity of the control system.
A two-stage closed-loop cable transmission (CLCT) structure
based on the double parallelogram principle is designed to
realize the RCM of the slave manipulator, whereas a CLCT
is used to realize the motor postposition of the second joint.
By contrast, because the remaining space within the lin-
ear motion joint is too narrow for the closed-loop cables
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FIGURE 8. Force analysis model of a random element in the
cable-conduit structure.

to convolve, the CLCT form is not suitable for this joint.
Under this circumstance, an open-loop cable-conduit trans-
mission structure is designed.

The next step after the design of the transmission struc-
ture is transmission modeling. Based on the structural size
constraints and mechanical properties of the cable, the three
CLCT structures use Carl Stahl stainless steel cables with
a diameter of 1.59 mm and Young’s modulus of 67 GPa.
For this cable, the elastic elongation due to external force
is very small and can be ignored. Moreover, guided by pul-
leys, the closed-loop cables experience rolling friction that
is much smaller than the sliding friction experienced by the
cable-conduit structure. Therefore, the elastic elongation of
the closed-loop cables is very small and can be ignored to
simplify the transmission model. The transmission model of
the second joint of the slave manipulator can be written as

o = ipbp ey

where « represents the rotation angle of the motor and iy, and
65> represent the transmission ratio and rotation angle of the
second joint, respectively.

As mentioned above, the cable-conduit transmission form
is adopted in the linear motion joint of the slave manipulator.
Due to sliding friction between the cable and the conduit,
the influence of the elastic elongation of the cable on the
transmission model of the joint cannot be ignored. To accu-
rately establish the transmission model of the cable-conduit
structure, a method for calculating the elastic elongation of
the cable with a multicurvature cable-conduit configuration
is proposed in the paper.

A. METHODOLOGY
The case of single curvature is first analyzed. In addition, the
schematic diagram of the single-curvature cable-conduit con-
figuration is shown in Fig. 8. Since the friction distribution is
nonlinear, the force analysis can be performed on the segment
first, and then the integral method is applied to calculate the
output tension of the cable-conduit structure.

For the force analysis model of a random cable element, x
is the length from the input end of the conduit to the present
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location; N (x) is the normal force experienced by the tendon
per unit length; 7'(x) is the tension of the cable; u is the
friction coefficient between the cable and conduit; Fr(x) is
the friction; R is the bending radius of the cable; T}, and T,
are the input and output tension of the cable, respectively; and
v is the speed of the cable relative to the conduit. To simplify
the model, i is assumed to be the dynamic friction when the
cable is moving along the conduit. Through the force balance
equation, the normal force exerted on a random infinitesimal
cable element is related to the tensions at the two ends by

. [(da . (da
N(x) = T(x)sin <7> + T (x + dx) sin <7> ~Tx)da

2
In addition, for the angle do, we have
da =dx/R
Fr(x) = uN(x)sgn(v) 3
dT (x) = —Fr(x)
Substituting (3) into (2), we have
dT
T B senc @
Then, the following can be obtained:
T(x) = Tppe™ &) 5)

To analyze the elastic elongation of the cable under the ten-
sion T'(x), it is assumed that Hooke’s law is always applicable
in the elastic range of the cable. When compressing the cable,
no force is transmitted through the cable. Note that k. and
A represent the Young’s modulus and cross-sectional area of
the tendon, respectively. Next, to calculate the elongation of
the cable ¢, Ty is used as the preload force. In addition, it is
assumed that the variation in the input tension is immediately
transmitted to the output end.

Therefore, the elongation of the present section is

de(x) _ Tx)—Ty
dc Ak

e(x) = /‘x %dx
0 c

1 * _u

R
(n(x) + ;Tm sgn(v) — Tox> @)

6)

~ Ak,

where n(x) = —§T,~,,sgn(v)e_%xsg“(v) = —gTom sgn(v)

The analysis result can be applied to a cable-conduit struc-
ture with a fixed bending radius. However, the shape of a
cable-conduit structure is often not so simple in practice.
There may be many bends with different curvature radii along
the whole length of the conduit, as shown in Fig. 9. The
cable-conduit structure is divided into n(n > 1) segments,
and a random segment i (the length of the curve from the input
end is x;) has a different and constant radius of curvature r;.
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FIGURE 9. Multicurvature cable-conduit transmission structure.

In this case, (5) becomes

T(x) = Typ e~ rA*sen)
T(x)=Tpe %XngH(V)e—%(x—ﬂ)Sgn(V)

0 <x=<x)

_r e—[ﬁxw:—z(x—xl)}usgn(v)
- m

(x1<x <x2) 8)
T(x) =Tine™ Frxisgn(v) p— 75 (2 —x1) sgn(v)

— % (x—xp—1) sgn(v)

...e

— Ty, W (n—1 < x < xn)
where ¢ (x) = —pusgn(v) I:Z?;ll (i = xi—1)/rit
(x — xnfl)/rnil‘

By using the method of integral summation, the elastic
elongation of the multicurvature cable-conduit configuration
can be calculated. Thus, with (7) and (8), the elongation &(x;,)
can be obtained as

Tin SgH(V) Ty

e (x,) = Xp) — —X 9
(Xn) Akt @ (xp) Ak, n ©)]
j-1
no —psgn(v) 3 o (o—xe-1)
where  @(x,) = > rje k=1
j=2
(1— e—,ﬁjw—x/—l)sgn(v)) F (1 — e Fimsen)y.

In practical applications, the materials and preload of
the cable-conduit transmission structure should be set first.
Accordingly, once the shape of the cable-conduit structure is
reasonably laid out and fixed, the factor ¢(x;) becomes a fixed
value. Through calibration and measurement, the curvature
radius ;i = 1,2,...,n) and length x;(i = 1,2,...,n) of
each bending segment of the conduit can be obtained, through
which the values of the factor ¢(x,) can be determined. Then,
the elongation ¢(x;) can be calculated with (9).

Note that the Coulomb friction model is used in the force
analysis of the cable-conduit structure. However, in practical
applications, if there is a viscous lubrication medium between
the cable and the conduit or the two materials have viscous
properties in their mutual motion, a viscous friction model
needs to be introduced. If the friction resistance between
the cable and the conduit is too large, when one end of
the cable moves, the other end of the cable may exhibit
delayed motion. In this case, a static friction model should
be introduced on the basis of the Coulomb friction model.
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To meet the basic requirements of medical safety and relia-
bility, viscous lubricants are prohibited in the cable-conduit
transmission structure of the MIS robot, and the friction
coefficient between the cable and conduit should be small.
Therefore, the Coulomb friction model is adequate for the
force analysis of the cable-conduit transmission structure of
an MIS robot.

B. MODELING OF THE CABLE-CONDUIT STRUCTURE
To match the mechanical structure of the slave manipu-
lator, six bends b;(i = 1,2,...,6) are designed in the
cable-conduit transmission structure of the linear motion
joint, as shown in Fig. 10, and the radii of the bends at each
link joint are equal, that is, Ry = Rpp = r1, Rp3 = Rpa = 12,
Rps5s = Rpe = r3. Therefore, there are actually three curvature
radii 7;(j = 1, 2, 3) in the cable-conduit configuration. When
the motor rotates forward (v > 0), the force exerted by the
motor on the cable makes the instrument move in, whereas
when the motor rotates backward (v < 0), the recoil of the
extension spring makes the instrument move out.

According to (8), the tensions of different cable segments
T1 ~ T4 can be obtained as

T, = Ty + kd,
T = Tle*(ehH‘”/z)li sgn(v)
Ts = Tle—(29b1+9b2+ﬂ/2)u sgn(v) (10)

Ty = Tle—(20h1+29bz+n)u sgn(v)

where k is the spring coefficient of the extension spring and
d; is the linear displacement of the instrument.

Then, with (9) and (10), the elongation of the cable at the
bends &(lp) can be calculated as

(To + kds) Sgn(V)(p U) — To ,

1) =
e (lp) Akt Ak,

b (11)

where

o(lp) = r3e*(29b1+9b2+ﬂ/2)llsgn(v)(1 _ e*(9b2+n/2)usgn(v))
+r2e—(9b1+ﬂ/2)MSgn(V)(1 _ e—(9b1+9b2)11-58n("))
+r(1 - e—(9h1+7f/2)wgn(\/))
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and
Iy = Op1 + 7 /2)r1 + (Op1 + O52) 12 + (O2 + 7 /2),

which is the total length of the six bends.

In accordance with Hooke’s law, the elongation of the
remaining straight segments of the cable A(l;) can be calcu-
lated as

4
Tl T To + kd
)\(ls):Z mbm OS:(O“F s)

Ak, Ak,

Ty
) — —I
Ak, ¥ () A

m=1
(12)
where
vy) =L + lze—(9b1+n/2)llsgn(v) + l3e_(29b1+9b2+”/2)mgn(v)
+ly e~ (2001 +20p2+1)usgn(v)

and

4
=1
j=1

which is the total length of the straight segments of the cable.
The total elastic elongation of the cable /;, can be written
as

lie = e(lp) + A(l;) (13)

where [, is the transmission compensation of the cable-
conduit structure. Thus, the transmission model of the linear
motion joint of the slave manipulator is

B z(ds+lte)/r (14)

where 8 and r represent the rotation angle and output shaft
radius of the driving motor, respectively.

As mentioned above, the wrist of the instrument has a
“roll-pitch-distal roll” DOF layout. To produce a compact,
lightweight design for the proposed instrument, the power
transmission of each joint of the instrument is realized via
cable transmission, as shown in Fig. 11. Due to the narrow
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FIGURE 12. Transmission structure schematic of the gripping joint.

space at the distal end of the instrument, all of the cables used
in the instrument are Carl Stahl stainless steel cables with a
Young’s modulus of 67 GPa and a diameter of 0.686 mm. The
CLCT structure is used in all three joints of the wrist. How-
ever, to avoid entanglement between cables, an open-loop
cable transmission structure is adopted for the gripping joint.
To avoid the effect of friction on the elastic elongation of
cables, the transmission cables of all joints of the instruments
are guided by pulleys. In addition, during surgery, the operat-
ing force generally does not exceed 20 N [33]. Depending
on the structure and size of the instrument, the length of
the longest cable used in the instrument is approximately
490 mm. Hence, according to (6), the maximum elastic defor-
mation of cables in the instrument is approximately 0.04 mm,
which can be ignored. Thus, the elastic elongation of the
cables is ignored to simplify the transmission model.

Through structural analysis, the transmission model of the
wrist of the instrument can be written as

Y= iroll Oy
V2 = ipitenp (15)
V3 = idistal9d + idep

where y1, y»2, and y3 are the rotation angles of driving
shafts 1, 2, and 3, respectively, whereas 6,, 0p, and 6, are
the rotation angles of roll, pitch, and the distal roll joint,
respectively. Note that oy, ipircn, and igisrqr are the drive ratios
of the three wrist joints, the value of each drive ratio is equal to
the diameter ratio of the corresponding joint shaft and driving
shaft. Moreover, iy represents the diameter ratio of the guide
pulley of the distal roll joint to driving shaft 3.

The gripping motion of the gripper is realized with a chute
structure, as shown in Fig. 12. By structural analysis of the
gripper, the transmission model of the gripper can be obtained
as

0 0
Yo = [dc sin 0, (sin(@, + Eg)_l — sin(6, + %0 —1)}

/rs4+ig |9p| (16)

where y4 and ry are the rotation angle and radius of driving
shaft 4, respectively; d. and 6, are the geometric parameters
of the chute; 6,0 and 6, are the initial and current opening
angles, respectively; and i, represents the diameter ratio of
the guide pulley of the gripping joint to driving shaft 4.
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FIGURE 13. Motion mapping principle between the active arms of the
master and slave manipulators.

Synthesizing the above transmission analysis, the combi-
nation of (1) and (14) is the transmission model of an active
arm of the slave manipulator, and the combination of (15)
and (16) constitutes a transmission model of the instrument.
Therefore, the combination of the above four equations con-
stitutes the transmission model of the slave manipulator of
the proposed MIS robot.

IV. MOTION MAPPING AND CONTROL STRATEGY
A. MASTER-SLAVE MOTION MAPPING
Establishing reasonable motion mapping on the basis of a
transmission model is the key to realizing effective master-
slave manipulation. As previously mentioned, the active arm
of the master manipulator and that of the slave manipulator
have the same DOF layout, as shown in Fig. 13, and the
two arms adopt a “one-to-one” driving mode to reduce the
complexity of the control algorithm and structure. That is,
the pitch joint angle 65, and the linear joint movement Ad; of
the slave manipulator are controlled by the pitch joint angle
02 and the linear joint movement Ad,, of the master manip-
ulator, respectively. In addition, considering that different
surgical operations have different requirements for the speed
of instrument movements in and out, a proportional mapping
strategy is introduced into the master-slave motion mapping
of the linear joints. On this basis, to avoid an inadequate
motion range of the linear joint of the master manipulator,
an incremental mapping strategy is introduced.

The mapping model between the active arms of the master
and slave manipulators can be described as

!9‘;2 = Oz

17
Ady :flAdm (an

where fi is the mapping scale factor of linear joint movement.

By introducing a scale factor f into the mapping equation,
the displacement between the linear joints of the master
and slave manipulators has a fixed proportion in a mapping
period. A proportional mapping strategy is always used to
convert the large movement of the master manipulator into the
small movement of the slave manipulator; thus, 0 < f; < 1.
This strategy is helpful to improve operation accuracy,
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FIGURE 14. Motion mapping principle between the handle and the
instrument.

especially in fine operations or hazardous situations.
An incremental mapping strategy is used to reposition the
handle of the master manipulator while keeping the slave
manipulator still during the surgery.

Similar to the motion mapping principle between the active
arms of the master and slave manipulators, the handle of the
master manipulator adopts the same DOF layout as the end of
the instrument. In addition, as shown in Fig. 14, the driving
model is also a “one-to-one” form, i.e., the roll angle 6,, pitch
angle 6,, distal roll angle 6; and gripper opening angle 6,
of the instrument are controlled by the roll angle 6,4, pitch
angle 6,5, distal roll angle 6,,6 and opening angle 6,,7 of
the handle, respectively. Because the motion range of human
fingers is limited, to maximize the advantage of the distal roll
DOF, a proportional mapping strategy is introduced into the
motion mapping between the distal roll joints of the handle
and instrument. The mapping model between the handle and
instrument can be described as

er = 9m4

Op = Oms (18)
0d = f2 - Ome

Qg = 07

where f is the mapping scale factor of the distal roll move-
ment. Note that the proportional mapping strategy for distal
roll joints is used to convert the small movement of the handle
into the large movement of the instrument considering the
actual operation requirement; thus, 1 < f, < 2.

The combination of (17) and (18) is the motion map-
ping model of the proposed surgical robot. In addition,
the master-slave control flow of the surgical robot can be
constructed as shown in Fig. 15. First, the joint information of
the master manipulator is collected with the joint information
acquisition module, and then the rotation angle of all the
driving motors of the slave manipulator can be calculated
by the established motion mapping model and transmission
model. Finally, the slave manipulator follows the controller
commands to perform various surgical actions.

B. QUICK-EXCHANGE CONTROL STRATEGY

In addition to the motion mapping strategy, the quick-
exchange strategy is a key control strategy of the control sys-
tem. As previously mentioned, because complex operations
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FIGURE 16. Block diagram of the quick-exchange procedures of the MIS
robot.

often require a variety of instruments, the surgical robot
requires an efficient and intelligent instrument exchange
function. Due to the existence of aseptic isolation adapters,
the complete instrument exchange process consists of two
parts: installation of an isolation adapter and quick exchange
of instruments. A block diagram of the quick-exchange pro-
cedures of the robot is shown in Fig. 16. The aseptic adapter
needs to be installed first. When the isolation adapter is
loaded, the driving motors on the quick-exchange interface
will continuously rotate at low speed in the clockwise direc-
tion until the transmission of the adapter completes docking.
Then, the transmission units rotate to the initial middle posi-
tion, and the instrument detection sensor starts and waits for
an instrument to be loaded. When an instrument is loaded,
the transmission units will continue reciprocating between
the left and right limit positions until the driving shafts of the
instrument complete docking. Then, the instrument will be
recognized by the robot and be ready for master-slave map-
ping. When the instrument is unloaded, the transmission units
will return to the initial middle position, and the instrument
detection sensor will start and wait for a new instrument.

By using the above quick-exchange strategy, the isolation
adapter and the instrument can be automatically mounted on
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FIGURE 17. Overall control infrastructure of the MIS robot.

the quick-exchange interface. Note that the installation pro-
cedure for the isolation adapter only needs to be performed
once before an operation, whereas the instrument exchange
procedure may be performed several times during surgery as
needed.

C. CONTROL INFRASTRUCTURE

The overall control structure consists of a motion input unit, a
control unit and a motion execution unit, as shown in Fig. 17.
The master manipulator, as the motion input unit, is directly
connected to the control unit. Two absolute position sensors
(KIFEL714 potentiometer) are used to obtain the motion
information of the pitch and linear joints, and four encoders
(HEDLS500 encoder) are used to obtain the angular informa-
tion of the wrist and gripping joints. The core component of
the control unit is the controller (Turbo PMAC?2 controller),
which is used for data and signal acquisition, analysis and
processing, analog and digital I/O, control command output,
etc. The motion execution unit includes 6 actuators (driver +
motor) and the corresponding joints of the slave manipulator,
of which two actuators (Copley ACJ-055-18 driver + Maxon
RE30 motor) are used to actuate the pitch and linear joints
and four actuators (EPOS2 Module36/2 driver + Maxon
EC20 motor) are used to actuate the wrist and gripper.

The master manipulator and actuators are connected to the
controller using USB and CANopen protocols for signal input
and output control, whereas the drivers are connected using
CANopen protocols. During robot-assisted minimally inva-
sive surgery, according to the motion signals collected from
the master manipulator, the controller sends control signals to
the actuators, and then the slave manipulator reproduces the
doctor’s hand movements under the control commands.

V. EXPERIMENTAL VERIFICATION

Based on the previously described design scheme and master-
slave motion mapping strategies, a prototype of the master-
slave integrated surgical robot was developed as shown
in Fig. 18. Then, several experimental tasks were designed
to verify the feasibility of the proposed robot and its design
theories. In the experiments, the operators observed the
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three-dimensional surgical field with a dual-eye endoscope
developed by Tianjin University [34].

A. QUICK-EXCHANGE TEST
Quick-exchange capability is one of the key performance
requirements of the designed surgical robot. Accordingly, a
quick-exchange test was designed for the robot as shown
in Fig. 19. The complete quick-exchange procedure included
instrument unloading, quick-exchange interface initializa-
tion, instrument loading, and automatic docking. Five dif-
ferent types of surgical instruments were used for the
quick-exchange test, during which each instrument was tested
10 times; the time required for each quick-exchange proce-
dure was recorded. The mean value of the measured times
was the quick-exchange time of the robot. Then, to evaluate
the completion of the quick-exchange procedure, all joints of
the instrument were controlled to move after performing the
quick-exchange procedure.

The measured time consumption of the quick-exchange
procedure is shown in Fig. 20.
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TABLE 1. Quick-exchange procedure times for various surgical
instruments.

Type Needle Tissue Electric Bowel Suture
yp holder forceps hook clamp scissors
Time T=1764s T5=1805s T =183ls L =1786s 1 =17.92s

The quick-exchange times of five different types of surgi-
cal instruments were calculated and are shown in Table 1.

The mean and standard deviation of the total measured data
are

T =1796sand S = 0.59 s (19)

where T represents the quick-exchange time of the robot. The
measured and calculated data show that during robot-assisted
minimally invasive surgery, the quick-exchange procedure
can be completed in a very short time (generally less
than 20 s). As previously mentioned, all joints of the sur-
gical instrument were controlled to move after perform-
ing each quick-exchange procedure. No docking failures
occurred during these tests, meaning that the success rate
of 50 quick-exchange procedures was 100%. The above test
results verified the feasibility and reliability of the quick-
exchange function design of the robot. Note that because the
loading and unloading of the instrument must be manually
performed, the quick-exchange time may be affected to some
extent by the operator’s proficiency. Therefore, in practice,
basic operational training is required for surgeons.

B. MAPPING MODEL VALIDATION AND ANALYSIS

To verify the effectiveness of the proposed surgical robot and
its motion mapping strategy, a ring-rod test, also known as a
pick-and-place test, was designed and carried out. This test,
which is similar to the Hanoi tower game, can illustrate the
flexibility and motion mapping accuracy of a robot. As illus-
trated by the test scene in Fig. 21, the operator manipulated
the surgical instrument to pick up the ring, adjusted the
posture of the end of the instrument to make the ring pass
over the fixed rod, and finally placed the ring on the bottom
of the rod. When the ring is passing over the rod, the plane
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FIGURE 22. Position and orientation motion trajectories of the master
and slave manipulators.

of the ring should always be perpendicular to the rod without
any contact between the two objects.

The position and orientation trajectories of the ends of
the master and slave manipulators in the ring-rod test were
measured with a magnetic induction device (Ascension track-
STAR, Shelburne, VT, USA). Two magnetic induction sen-
sors were fixed on the base of the wrist of the master and slave
manipulators to collect position information, while another
two sensors were fixed on the axis of the distal roll joint to
collect orientation information. To facilitate the comparison
of the position trajectories of the master and slave manipu-
lators, f1 and f> were set to 1, and the two trajectory coordi-
nates were described in the same coordinate system as shown
in Fig. 22(a). The results showed that the two sets of position
trajectories were highly consistent: the maximum trajectory
error was 0.46 mm. The orientation trajectory coordinates
of the master and slave manipulators were normalized first
and then described in the same coordinate system, as shown
in Fig. 22(b). The results showed that the changes in orien-
tation of the ends of the master manipulator and instrument
were also very consistent: the maximum trajectory error was
0.87°. These test results show that the developed surgical
robot exhibits precise master-slave tracking characteristics
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FIGURE 23. Simulated suture test with the MIS robot.

and verify the feasibility of the designed robot and its motion
mapping strategy.

Trajectory errors are partially caused by the uncertainty
of the measurements and deviations from the transmission
model. The main deviation source is the small elastic defor-
mation of the CLCT structure of the robot; therefore, taking
elastic deformation into account when modeling the CLCT
structure will further improve the accuracy of master-slave
motion. However, this approach will also greatly increase the
complexity of the control algorithm.

C. SUTURING CAPABILITY TEST

A simulated suture test was designed to verify the feasibility
of the proposed instrument for the MIS robot and its design
theory. The test is shown in Fig. 23. First, the robot was
manipulated to position the instrument close to the suture area
of the simulated tissue model. Then, the wrist was quickly
adjusted so that the axis of the distal roll joint was parallel to
the incision. Thereafter, the suture task was completed with a
medical suture needle.

The simulated suture test was smoothly completed, and
the suture needle penetrated the simulated tissue model in
an accurate direction. The accurate position and orientation
adjustments of the robot in the test not only validated the
rationality of the instrument design but also preliminarily
validated the feasibility of the master-slave motion mapping
of the robot. Fig. 24 shows the angle changes of the four joints
in the instrument. The position and orientation adjustments
were carried out at 0-11 s, and the suture operation was
performed at 11-19 s. The results showed that the angle of
the distal roll joint changed evenly during suturing, whereas
the angles of the roll and pitch joints remained approximately
constant. These findings showed that under the coordination
of the slave manipulator, suturing can be easily realized by
mainly rotating the distal roll joint.

The test results were consistent with the design concept of
the proposed instrument with a ““roll-pitch-distal roll” wrist,

41158

20, 10
~ S
3 <
2
= g
= g
‘s ch
= =
— [3}
2 =
= (=9
B B
2 o
% 2
E ‘ g
< ' <
i
50 H
0 5 10 15 20 25 30 30
Time (s) Time (s)
0 T T
~
o 0 ?umre staa:; s
bt 20 I [ -
2o -4 ) =
= 2
3 60 [ g
L= " 3
S -80rAdjustment stage q:')
Z )
S -100 =
& [
© -120 c
L )
&h -140 £y
< <

- L m 1 L
l600 s 0 15 20 25 30 0 5 0 15 20 25 30

Time (s) Time (s)

FIGURE 24. Angle changes of the wrist joints of the surgical instrument
during the suture test.

and this distal rotation needle-piercing method will help to
reduce the difficulty of suture operations, thereby greatly
improving the efficiency of surgery.

D. ANIMAL EXPERIMENT
On the basis of the above tests, an animal (pig) experiment
was carried out to systematically verify the feasibility and
practicability of the proposed robot. A gastrointestinal anas-
tomosis surgery was performed by three doctors (a surgeon,
an assistant and an anesthetist) in a hospital animal laboratory.
During the surgery, the surgeon manipulated the robot with
his right hand and the handheld instrument with his left hand
to perform the operation, whereas the assistant was responsi-
ble for holding the endoscope. All procedures in the operation
complied with animal ethics standards, and the experimental
pig was in an ideal anesthetized state during the operation.
The animal experiment scene is shown in Fig. 25. Fig. 25(a)
shows the preoperative preparation procedure for the robot,
Fig. 25(b) shows the trocar placement in the surgery (one
trocar was for the robotic instruments, one trocar was for
the handheld instruments, one trocar was for the endoscope,
and the remaining trocar was reserved), Fig. 25(c) shows the
surgical procedure, and Fig. 25(d) shows the various robotic
instruments required for the surgery. During gastrointestinal
anastomosis surgery, a series of surgical actions, including
freeing, lifting, suturing, and knotting, need to be completed.
As a precise, continuous suture is required along the gastric
and intestinal anastomotic stomas, this surgery can effectively
verify the flexibility and reliability of the developed robot,
especially its ability to perform complex suture operations.
The operation scene inside the abdominal cavity is shown
in Fig. 26. The colon segment to be anastomosed was
pulled to the stomach by the robot with the assistance of
handheld instruments. Then, the anastomotic stomas were
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FIGURE 25. Operation scene of the animal (pig) experiment:
(a) preoperative preparation, (b) trocar placement, (c) operation, and
(d) instruments.

FIGURE 26. Operation procedures of the gastrointestinal anastomosis.

selected at the proper sites of the gastric wall and intesti-
nal segment, and a continuous suture was performed along
the two anastomotic stomas with the robotic instruments.
Subsequently, the knotting procedure was performed to
complete the stomach-colon anastomosis operation. Finally,
the gastrointestinal anastomosis surgery was successfully
completed. The total operation time, including preopera-
tive preparation, was approximately 2.5 hours. During the
surgery, the complex suturing and knotting operation, which
is difficult to complete with the traditional MIS technique,
took only 20 minutes. In the surgery, two kinds of robotic
instruments (a needle holder and an electric hook) were used,
and the quick-exchange procedure was performed twice, with
each procedure taking no more than 20 s.
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During the surgery, the surgeon smoothly completed all
desired operation tasks with the robot. According to the
surgeon’s feedback after the operation, the developed sur-
gical robot can flexibly reproduce various surgical actions
and perform surgical tasks as desired; moreover, the sur-
geon experienced an enhanced sense of intuitive motion. The
experimental results presented above systematically verified
the feasibility of the designed surgical robot. In addition,
the statistical intraoperative blood loss in this experiment
was less than 10 ml, which also reflects the accuracy and
practicability of the robot.

VI. LIMITATIONS OF THE STUDY

Although the proposed robot exhibited excellent perfor-
mance during the experiment, there are still some limitations
that need to be solved in future research. First, because
right-handed people are far more common than left-handed
people, the robot was designed for right-handed operation.
Therefore, a left-handed surgeon may have difficulty operat-
ing this robot and be unable to take advantage of the flexibility
of the robot. In future research, an MIS robot will be designed
for left-handed operation, and the differences in the ability of
left-handed and right-handed people to use the robot to com-
plete operations will be analyzed. The corresponding research
results can guide surgeons with different dominant hands
to better complete surgeries with assistance from the pro-
posed robot and expand the scope of application of surgical
robots.

Second, although several experiments were designed to
verify the functionality and performance of the robot,
the actual surgical operation was limited to an animal experi-
ment. In the animal experiment, the surgeon manipulated the
robot to complete gastrointestinal anastomosis, which veri-
fied the feasibility of the robot. However, in future research,
a greater number and additional kinds of animal experiments
are needed to further verify the reliability, stability and safety
of the robot and to study the scope of application of the robot.

An additional limitation of this study was that the design
process of the proposed robot primarily focused on the need
for minimally invasive surgery without adequate considera-
tion of operational performance requirements. In the future,
based on ergonomics research, the structure of the mas-
ter manipulator and the handle can be further optimized to
improve the operability of the robot and alleviate surgeon
fatigue. In addition, a more reasonable interaction interface
will be designed to avoid incorrect operations by surgeons
during surgery. This will upgrade the comfort of operation
and further improve the safety of the robot.

Finally, the study was limited by the cable transmission
system, as only the elastic elongation of the open-loop cable-
conduit transmission structure was considered. This approach
greatly simplified the transmission model but also introduced
systematic errors that reduced the performance of the robot.
To increase the accuracy and reliability of the cable transmis-
sion system, future research should carry out further analyses
of elastic elongation, fatigue and stress relaxation of the
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cable. This approach will allow the transmission error to be
compensated and the control accuracy of the robot to be
improved. However, despite these limitations, this study ver-
ified the feasibility and clinical potential of the robot through
reasonable experiments, thereby providing a new research
direction for the miniaturization of MIS robots.

VIi. CONCLUSION AND DISCUSSION

With the rapid development of robot-assisted MIS technol-
ogy, miniaturization and portability have gradually become
an important direction in research on MIS robots. Based
on the proposed new operation mode, a new table-attached,
master-slave integrated MIS robot is designed in this paper.

The proposed MIS robot combines the high efficiency
of traditional MIS techniques with the dexterity of robotic
operations and solves the large volume and heavy weight
problems of existing master-slave MIS robots and the
poor intuitive manipulability problems of existing handheld
robots. Moreover, this paper proposes a ‘‘one-to-one’’ driving
mode, which simplifies the control algorithm of the robot
and improves the reliability of the control system under the
premise of highly accurate motion mapping.

The proposed robot adopts a cable transmission method,
and an open-loop cable-conduit transmission structure is
designed to reduce the size and improve the motion perfor-
mance of the robot by realizing motor postposition. Focus-
ing on the open-loop cable-conduit transmission structure,
a modeling method is proposed based on cable transmis-
sion error compensation for a multicurvature cable-conduit
configuration, which improves the transmission and control
accuracy.

To improve the manipulability of the robot, this paper ana-
lyzes the characteristics of the most complicated operation—
suturing in minimally invasive surgery—and then designs a
new surgical instrument with a “roll-pitch-distal roll”” wrist
to reduce the difficulty of controlling the instrument during
suturing. Moreover, through an analysis of ergonomics, this
paper designs a master manipulator handle that can greatly
reduce the surgeon’s difficulty in completing the suturing
operation.

This paper also designs an intelligent quick-change inter-
face with aseptic isolation functionality, which not only meets
the sterility requirements of the operation but also enables
quick changes between different types of instruments.

Finally, a series of experiments, including an animal exper-
iment, were conducted, which fully demonstrated the feasi-
bility and clinical potential of the proposed MIS robot.
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