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A Novel Surgical Manipulator with
Workspace-Conversion Ability for Telesurgery
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Abstract—This paper proposes a surgical manipulator with
workspace-conversion ability for both minimally invasive surgery
(MIS) and open surgery. The focus of the proposed surgical ma-
nipulator is on its potential use in places such as battlefields, army
camps, and rural areas rather than in civilian hospitals. The pro-
posed surgical manipulator has a workspace for MIS with a virtual
remote center of motion and has a workspace for open surgery
like that of an articulated manipulator. The mechanism of the
surgical manipulator is proposed and implemented in this paper.
A new distal rolling joint with two spiral wire ropes is also im-
plemented. Several experiments to validate the feasibility of the
surgical manipulator were carried out. Two fundamentals of la-
paroscopic surgery tasks were performed to compare the perfor-
mance of the surgical manipulator with other MIS systems. The
workspace conversion from MIS to open surgery was implemented.
The workspace-conversion ability enables the surgical manipulator
to attach or detach the surgical tool unit without human assistance
or an assistant robot.

Index Terms—Robotic surgical system, surgical manipulator,
telerobotic surgical system, workspace-conversion ability.

I. INTRODUCTION

A. Overview

THE telerobotic surgical system enables long distance
telesurgery, covering the distance between patients and

surgeons in remote regions of the world (e.g., in the Antarctic
continent) [1]. Marescaux et al. successfully performed transat-
lantic robot-assisted telesurgery using the Zeus system. The
surgeons were in New York and the patient was in Strasbourg,
France [2]. Arata et al. conducted Japan–Thailand telesurgery
experiments with animals using conventional network infras-
tructures [3]. Using the concept of telesurgery, the Defense Ad-
vanced Research Program Agency explored the possibilities of
the unmanned surgical operating room for treating wounded
soldiers on the battlefield [4]. The unmanned surgical operat-
ing room consists of a da Vinci system, a scrub nurse robot
arm, and a tool changer [5], [6]. However, it is mentioned that
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the development of a suitable surgical robot for urgent telesur-
gical intervention is required [4]. In this paper, we developed
and present a surgical manipulator with workspace-conversion
ability for performing both minimally invasive surgery (MIS)
and open surgery. The workspace-conversion ability enables the
proposed manipulator to attach a surgical tool without human
assistance or an assistant robot.

B. Related Work

The first telerobotic surgical system was developed at SRI
International [7]. Dario et al. [8] classified emerging numerous
robotic surgical systems into two main areas: those for image-
guided surgery and those for MIS. The first example of a robotic
surgical system using medical imaging is “ROBODOC,” which
is able to perform orthopedic tasks for total hip arthroplasty.
More recent advances in image-guided surgery concentrate on
the development of MRI-compatible robotic surgical systems
and devices [9]–[11].

The telerobotic surgical systems for MIS can be used in vari-
ous clinical applications such as laparoscopy, endoscopy, brain
surgery, etc. [8]. However, there are problems in performing
minimally invasive procedures, such as limitation of the DOF of
the surgical instruments, implementation of haptic feedback, and
3-D visualization in the telerobotic surgical system. These prob-
lems have suggested the need for the development of telerobotic
surgical systems with which surgeons can perform minimally
invasive surgical tasks as intuitively as open surgery [12]. Mad-
hani et al. contributed to solving the constraint of the DOF of
MIS instruments employing the double parallel mechanism that
has a remote center of motion (RCM) at the incision point [13].
The “RAVEN,” developed by Hannaford et al. of the University
of Washington, is a telerobotic surgical system that has two 6
DOF surgical manipulators using single spherical linkages [14].
In Japan, Mitsuishi et al. developed a 6 DOF surgical manipu-
lator, which consists of 2 DOF wrist joints using a novel link-
driven mechanism and C-arm type shoulder mechanism that
has a RCM [15]. A compact modular teleoperated manipulator
with an articulated wrist for laparoscopic surgery was devel-
oped at the University of Hawaii [16]. Kim et al. developed a
surgical manipulator with an additional DOF to mimic the mo-
tion of the human arm [17]. Bassan et al. developed a novel
5 DOF micromanipulator for percutaneous needle insertion to
drop radioactive seeds contained in a thin hollow needle [18].
In Germany, a developed DLR lightweight surgical manipulator
has a 7 DOF anthropomorphic kinematic structure resembling a
human arm and it can attach an additional 2 DOF instrument for
MIS [19]. Moreover, the compact laparoscopic assistant robot
was developed so that the position of the laparoscope can be
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controlled by voice commands recognition interface [20]. An-
other robotic scope holder, “ViKY” was developed for single-
port surgery [21]. Recently, a telerobotic surgical system,
“SPRINT,” for single-port laparoscopy has been developed [22].

Surgical instruments are developed to implement their wrist
joints to be movable inside of the patient’s body. Yamashita
et al. addressed an endoscopic forceps using a multislider link-
age mechanism for a 2 DOF bending motion of the tooltip of the
forceps [23]. Their group also developed an endoscope with 2
DOF steering of coaxial laser beam for fetal surgery [24]. Ishii
et al. suggested a robotic forceps manipulator with a screw-drive
mechanism called a double-screw-drive mechanism. This ma-
nipulator that has high rigidity enables it to lift up to 4.9 N at the
tooltip even when it is bent 90◦ [25]. Oshima et al. developed
three-fingered hand for laparoscopic surgery, which performs
assistive tasks, as if the human nondominant hand existed in the
abdominal cavity [26].

C. Scope

The focus of the proposed surgical manipulator is on its po-
tential use in places such as battlefields, army camps, and rural
areas rather than in civilian hospitals. The proposed surgical
manipulator enables an operating surgeon to choose an MIS
procedure or an open surgical procedure. For example, if a sol-
dier in an overseas army camp requires an appendectomy or a
cholecystectomy, an army surgeon can choose to perform an
MIS procedure to reduce the pain and trauma of the soldier.
However, if a soldier is wounded with life-threatening injuries
in a dangerous location, such as a battlefield, it may be too
difficult to send a surgical team to the dangerous location. An
alternative solution is to send a telerobotic surgical system to
the location so that telesurgery can be used to provide urgent
medical care [4]. The proposed manipulator with the workspace
of open surgery can be used for urgent surgical procedures, such
as placing a shunt in a major abdominal vessel or performing a
bowel anastomosis.

Whenever the conversion from a robotic MIS procedure to
an open surgical procedure is necessary due to an unexpected
problem of a patient, the proposed manipulator with workspace-
conversion ability can consistently perform robotic surgery as
a form of telementoring surgery or telepresence surgery for the
assistance of the onsite operating surgeon. For example, an MIS
cholecystectomy should be converted to an open surgical pro-
cedure in any of the following circumstances: 1) a possible or
known injury to major blood vessels; 2) internal structures that
are not clearly visible; 3) common bile duct stones that can-
not be removed with laparoscopy; and 4) unexpected problems
that cannot be corrected with laparoscopy [27]. 5.2% of 5884 pa-
tients undergoing laparoscopic cholecystectomy between March
1991 and June 2001 in the U.S. had their cholecystectomies con-
verted to an open procedure [27]. Recently, it has been reported
that conversion to open cholecystectomy was still needed in
about 5% of laparoscopic cholecystectomies [28]. When robotic
MIS procedures are performed in such places as overseas army
camps or rural areas, the onsite operating surgeon should be
in the same room as the patient to guarantee the safety of the

patient and to cope with any emergencies. However, in some
cases, there may be a shortage of specialized robotic surgical
teams to assist the onsite operating surgeon. In this situation,
telepresence surgery or telementoring surgery can help the on-
site operating surgeon to perform robotic MIS procedures. In an
emergency, the onsite operating surgeon should perform con-
ventional open surgical procedures; however, the availability
of telepresence surgery or telementoring surgery can be help-
ful for the onsite operating surgeon who needs the continuous
assistance of specialized surgical skills and the mentoring of
experts. The proposed surgical manipulator can be used to pro-
vide advantage of telepresence surgery or telementoring surgery
consistently for the onsite operating surgeon.

Moreover, surgical tools can be exchanged automatically by
using workspace-conversion ability of the proposed manipula-
tor. When the workspace of the proposed manipulator is con-
verted to that of open surgery during an MIS procedure, the
MIS tools can be exchanged at the side of a patient without the
assistance of a scrub nurse. In this case, the workspace of open
surgery is used for the exchange of the MIS tools rather than
the performance of an open surgical procedure. In telesurgery
performed in places such as battlefields or rural areas, there can
be no specialized surgical staff such as a scrub nurse. In this type
of situation, it can be efficient to exchange surgical tools auto-
matically without human assistance. The proposed manipulator
with a tool loader can be useful means of exchanging surgical
tools automatically. However, an onsite surgical staff such as a
corpsman or a nurse should approve or confirm the exchange of
surgical tools for the safety of a patient.

The paper is organized as follows. In Section II, the concept
design and system requirements of the surgical manipulator are
proposed. Section III presents the implementation of the manip-
ulator. Sections IV and V show experimental results and the per-
formance of the manipulator, respectively. Performance issues
of the manipulator are discussed in Section VI. The conclusion
of this paper is given in Section VII.

II. CONCEPT DESIGN AND SYSTEM REQUIREMENTS

The main objective of the proposed surgical manipulator is
to implement the ability of workspace conversion, in which the
workspace for MIS can be converted to that for open surgery.
Suturing is very complicated and important during surgery, so
we assume that it is one of the most important tasks for the
surgical manipulator to achieve in both MIS and open surgery
with 6 DOF. If the surgical manipulator has a workspace like
that of an articulated manipulator, it can attach and detach the
surgical tool without human assistance using a tool loader. In
this paper, we set four functional requirements (FRs) for the
surgical manipulator that need to be met, which are represented
in Table I.

A. Concept Design of the Surgical Manipulator

To satisfy FR1 in Table I, the surgical manipulator has
a kinematic structure with a RCM for MIS, and when the
workspace of MIS is converted to that of open surgery, the
kinematic structure of the surgical manipulator can be trans-
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TABLE I
FRS

Fig. 1. Concept design of the shoulder joints in the base unit.

formed to create a larger workspace, like that of an articulated
manipulator (e.g., PUMA 560 manipulator). To have a RCM
for MIS, we can use the kinematic structures such as the double
parallelogram, the single spherical linkage, and the C-arm. How-
ever, these structures have a mechanically fixed RCM, making
it difficult to transform their workspace into that of the artic-
ulated manipulator with no RCM by simply adding revolute
joints. We present a redundant kinematic structure with three
revolute joints on a plane. This kinematic structure enables the
manipulator to have an arbitrary and programmed RCM on a
plane using software. This RCM can be called a “virtual remote
center of motion (virtual RCM)” [29]. The shoulder joints of the
proposed surgical manipulator can be implemented to add rev-
olute joints to this redundant kinematic structure. The proposed
surgical manipulator consists of two parts, an interchangeable
surgical tool unit inserted into the abdominal cavity and a base
unit that stays outside of it.

The concept design of the shoulder joints in the base unit is
represented in Fig. 1. The shoulder joints consist of Joints 1,
2, 3, 4, and 5. The base unit of the surgical manipulator is set
up on the ground in the operating room and a revolute joint
rotating normal to the ground becomes Joint 1. The axis of Joint
2 is perpendicular to that of Joint 1, and when a virtual RCM
is set up in the surgical manipulator, the virtual RCM can be

Fig. 2. Concept design of the wrist joints in the surgical tool unit.

placed on the extended axis line of Joint 2. Joints 3, 4, and 5
are revolute joints on a plane with redundant DOF. During an
MIS procedure, Joint 1 should be deactivated and fixed so that its
angle becomes always constant. Joints 2, 3, 4, and 5 are activated
during MIS. When the virtual RCM is set up, Joints 3, 4, and 5
on a plane lose redundant DOF and provide 2 DOF. Therefore,
the activated Joints 2, 3, 4, and 5 provide 3 DOF as the shoulder
joints for positioning the gripper of the surgical manipulator
during an MIS procedure, and the surgical manipulator has a
conical workspace by coincidence of the incision point of the
patient and the virtual RCM.

When the surgical manipulator performs surgical tasks during
an open surgical procedure, Joint 2 should be deactivated to
fix its angle and Joint 1 is activated. Thus, Joints 1, 3, 4, and
5 become activated. As the virtual RCM is removed in open
surgery, Joints 3, 4, and 5 on a plane provide a wide range of
motion and then, 3-D Cartesian motion also becomes available
due to the rotation of Joint 1. Thus, the surgical manipulator
has a large hemispherical workspace like that of the articulated
manipulator. However, since the redundant DOF still remains
due to the redundant kinematic structure with Joints 3, 4, and 5,
a kinematic constraint needs to be set up to solve the redundant
DOF with kinematics. We set the sum of the angles of Joints 3,
4, and 5 as a kinematic constraint in open surgery.

To satisfy FR2, the surgical manipulator provides 6 DOF
plus gripper DOF. While the shoulder joints of the surgical
manipulator can be implemented for FR1, for FR2 its wrist
joints should be implemented. The wrist joints of the surgical
manipulator consist of the proximal rolling joint, the pitching
joint, and the distal rolling joint. The proximal rolling joint was
implemented in the distal portion of the base unit to minimize
the cost of the surgical tool unit. The other wrist joints were
implemented in the surgical tool unit. The concept design of
the wrist joints in the surgical tool unit is represented in Fig. 2.
Six sterilizable bearings are inserted into the distal rolling shaft.
The end of the distal rolling shaft (near the grip support) is
combined to the distal bearing (in the grip support) using press
fit or CO2 laser for preventing separation of the bearings. A grip
support is attached to the distal two bearings by a very small



KIM et al.: NOVEL SURGICAL MANIPULATOR WITH WORKSPACE-CONVERSION ABILITY FOR TELESURGERY 203

bolt with a size of M 1.2 for preventing separation of these parts.
Therefore, the grip support can be rolled relatively to the distal
rolling shaft. Two strands of the wire ropes A and B are fixed to
the grip support. A strand of wire rope A winds the bearings in
a spiral and again winds the idle pulley, and is extended toward
the proximal portion of the surgical tool unit. The other strand
of the wire rope B winds the bearings in the reverse direction
of the former wire rope. When one strand of the wire rope
is pulled and the other strand of the wire rope is released, the
grip support can be rolled relatively to the distal rolling shaft. As
there is no friction produced between the wire ropes A and B, the
smooth rolling of the grip support is possible. As the mechanism
of the distal rolling joint is not complicated compared to the
differential cable-pulley transmission or differential gears, it
can be fabricated by a simple process and has an advantage in
costs and miniaturization.

B. System Requirements for MIS and Open Surgery

1) Workspace: The size of the workspace for MIS varies by
the position of the surgical site, the incision point, and the size
of the abdominal cavity of a patient. The measurements in [30]
show that the full extent of the abdomen can be reached if the en-
doscopic tool move 90◦ in a lateral/medial direction of a patient
and 60◦ in a superior/inferior direction of a patient. A conven-
tional laparoscopic tool, ENDOPATH, Ethicon Endo-Surgery,
Inc., can be inserted into the abdomen to a depth of 330 mm from
an incision point. We envisage the proposed surgical manipu-
lator being used for, and having the required space for, certain
types of surgical procedures such as a cholecystectomy, an ap-
pendectomy, a hernia repair, and a laparoscopy—not those that
involve the deepest procedures of MIS. We would like to let the
gripper of the surgical manipulator be inserted into the abdom-
inal cavity with a depth of at least 330 mm and rotate 80◦ at the
remote center in both the lateral/medial direction and the supe-
rior/interior direction of a patient. Optimization of link length of
the surgical manipulator will satisfy the requirement to fully ac-
cess the abdomen. There is no constraint for an incision point in
open surgery; however, a larger workspace is necessary in open
surgery. The conventional open gastrectomy treating gastric can-
cer is usually performed through an incision from the xiphoid
process (near the solar plexus) to the umbilicus [31]. When the
surgical manipulator performs open surgical tasks, it is desirable
that its workspace include the entire area of the patient’s abdom-
inal cavity. As the optimal waist circumference of a Caucasian
male with class II obesity (BMI ≥ 35 kg/m2) is 1240 mm [32],
the proposed manipulator should have a workspace of a hemi-
sphere with a radius of at least 620 mm, which is the value that
the waist circumference is divided by 2.

2) Force, Speed, and Accuracy: It was reported in [13] that
about 8.9 N is chosen as a desired xyz MIS manipulator tip
force. According to [33], while the experts and nonexperts of
robotic surgery perform peg transfer tasks using the da Vinci
system, the mean grip forces of the end effectors of the da Vinci
system are on average 15.3 N. The robotic forceps MIS ma-
nipulator developed in [23] and [25] produce bending forces
with 6.87 and 4.91 N, respectively, and grip forces with 8.34

TABLE II
REQUIRED FORCES FOR SUTURING

and 4.02 N, respectively. The gripper force and the lifting force
of a robotic MIS instrument should be at least 4 N for sutur-
ing. As the size constraint of open surgical instruments is not
as severe as that of MIS instruments, their grip forces and tip
forces are larger than those of MIS instruments. A compact and
lightweight anthropomorphic robot hand can be used as a re-
tractor for robotic open surgery. The maximum grip force of
the compact and lightweight anthropomorphic hand suggested
in [34] is estimated to be 126 N, which is smaller than human
grip force. In this paper, as the FRs of the surgical manipulator
are focused on performing a suturing task among open surgical
tasks, we will attempt to validate the performance of the surgi-
cal manipulator in suturing tasks in both MIS and open surgery.
Table II represents minimum required forces of the surgical
manipulator for suturing. In the fundamentals of laparoscopic
surgery (FLS) tasks, the required absolute positioning accuracy
for suturing and knot tying is smaller than 1 mm. Time require-
ments of block transfer and simple suture with an intracorporeal
knot in FLS tasks are 48 and 112 s, respectively. It is mentioned
that the robot end effector should be able to move at a speed of
at least 60 mm/s and 30◦/s in beating-heart surgery [19].

3) Sterilization and Safety: The proposed surgical manipu-
lator consists of two parts: 1) an interchangeable surgical tool
unit inserted into the abdominal cavity; and 2) a base unit that
stays outside of the cavity. The surgical tool unit can be ster-
ilized in an autoclave or with ethylene oxide gas, whereas the
base unit not in direct contact with the body of the patient can
be covered with sterile drapes. When the base unit is draped, all
the motors attached to the base unit are also draped. The drapes
should be flexible not to disturb the motion of the manipulator.
Contact parts between the distal portion of the base unit and
the proximal portion of the surgical tool unit can be covered
with thin films. Otherwise, the contact parts should be dispos-
able parts. When the power is turned OFF, motors with built-in
brakes are utilized in the base unit of the surgical manipulator
to prevent the surgical manipulator from falling on a patient’s
body. We also use a counterbalance in the base unit to prevent
the manipulator from falling down. The counterbalancing of the
base unit has two main advantages: 1) it can reduce the mo-
tor torque required to activate the joints of the base unit; and
2) it can reduce the load applied to the joints so that the wire
ropes do not break. The manipulator is fixed on a vertical lifter
with vertical adjustment capabilities, and the horizontal position
can be adjusted by hand. For the maintenance of the proposed
manipulator, we attached tensioning devices to all the joints of
the manipulator so that the tension of the wire ropes is kept
constant.
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Fig. 3. Cable-pulley transmission of Joints 3, 4 and 5. ©1 Driving pulley at
Joint 5. ©2 Reduction pulley. ©3 Idle pulley. ©4 Actuating shaft. ©5 Driving pulley
at Joint 4. ©6 Reduction pulley. ©7 Idle pulley. ©8 Actuating shaft. ©9 Driving
pulley at Joint 3. ©10 Actuating shaft. ©11 First shaft. ©12 Second shaft.

III. IMPLEMENTATION

A. Implementation of the Surgical Manipulator

A cable-pulley transmission is applied in order to attach the
motors to the proximal portion of the base unit and to develop
a lightweight manipulator. Fig. 3 illustrates the cable-pulley
transmission to actuate Joints 3, 4, and 5 of the base unit. Joints
5, 4, and 3 can be actuated as the driving pulleys ©1 , ©5 , and ©9
rotate, respectively (see Fig. 3). A pair of driving pulleys ©1 is
used to actuate Joint 5. A wire rope winds the driving pulley
©1 and is fixed to the small-diameter portion of the reduction
pulley ©2 . The reduction pulley ©2 has a large-diameter portion
and a small-diameter portion, and the reduction pulley ©2 and
driving pulley ©5 of Joint 4 is on the shaft of Joint 4. A new
wire rope is fixed to the large-diameter portion of the reduction
pulley ©2 and winds the idle pulley ©3 . After the wire rope
winds the idle pulley at Joint 2, it winds the actuating shaft ©4 ,
and is then fixed to the shaft. As the shaft ©4 is connected to
the shaft of motor M5, it is able to actuate Joint 5. To actuate
Joint 5 in one direction, therefore, two strands of wire ropes
are needed, and one of them is connected to ©1 and ©2 , and the
other is connected to ©2 , ©3 , the idle pulley at Joint 2, and ©4 .
When the latter is pulled by motor M5, the former is pulled
with comparably reduced velocity and increased torque due to
the reduction pulley ©2 . As reported in [35], therefore, a high
speed and low tension stage of the transmission at the motor
can be converted to a low speed and high tension stage of the
transmission at the joint of the manipulator. The wire ropes to
actuate Joint 5 in a different direction are connected in the same
way. At the driving pulley ©5 of Joint 4, a wire rope winds it, and
is fixed on the small-diameter portion of the reduction pulley

Fig. 4. (a) Surgical tool unit attached to the distal portion of the base unit.
(b) Three driving pulleys coupled to the motors at the distal portion of the base
unit. (c) Three driven pulleys of the surgical tool unit.

©6 . The reduction pulley ©6 is on the shaft inserted in the middle
of the link connected with Joints 4 and 3. A new wire rope
is fixed to the large-diameter portion of the reduction pulley
©6 and is connected to the idle pulley ©7 , the idle pulley of Joint
2, and the actuating shaft ©8 . Joint 4 can be actuated by motor
M4 connected to the shaft ©8 . To drive Joint 3, a wire rope is
fixed to the driving pulley ©9 and is connected to the idle pulley
at Joint 2 and the actuating shaft ©10 . The torque required to
actuate Joint 3 can be reduced by using a large-diameter driving
pulley and a counterbalancing device of the base unit. All the
actuating shafts ©4 , ©8 , and ©10 consists of the first shaft ©11 and
the second shaft ©12 in a similar way as reported in [36]. When
the first shaft ©11 is rotated to increase the tension of the wire
ropes, it is clamped to the second shaft ©12 to hold the tension of
the wire ropes by two bolts. Joints 1 and 2 have an independent
cable-pulley transmission. 7× 7 stainless steel wire ropes with a
diameter of 1.0 mm are used in the transmission of the base unit.
The wire ropes have a minimum breaking strength of 712.2 N.
MAXON dc motors with a maximum velocity of 118◦/s and a
maximum continuous torque of 60.0 N·m are used to activate
Joints 1, 2, 3, 4, and 5 of the base unit. These motors were used
in [17].

At the distal portion of the base unit, the motors M6, M7, M8,
and M9 that actuate the wrist joints and the gripper joint are
attached. The motor M6 is able to rotate the entire surgical tool
unit [see Fig. 4(a)]. When the surgical tool unit is attached to the
base unit, the driving pulleys of the motors M7, M8, and M9 can
be inserted into the holes of the driven pulleys in the surgical
tool unit [see Fig. 4(b) and (c)]. The tolerance between the
wedges of the driving pulleys and the holes of the driven pulleys
is 0.01 mm. MAXON dc motors with a maximum velocity of
864◦/s and a maximum continuous torque of 0.371 N·m are used
in the pitching joint, the distal rolling joint, and the gripper joint.
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Fig. 5. (a) Illustration of the surgical tool unit. (b) Illustration of the driving
portion of the surgical tool unit.

A MAXON dc motor with a maximum velocity of 597◦/s and a
maximum continuous torque of 2.24 N·m is used in the proximal
rolling joint.

The entire surgical tool unit is illustrated in Fig. 5(a). The rod
of the surgical tool unit is made up of fiber-reinforced plastics,
and its diameter is 10 mm, and its length is 380 mm. In Fig. 5(b),
the driving pulley coupled to the motor M9 can be inserted into
the hole of the driven pulley to transmit the required torque to
actuate the gripper joint. In Fig. 5(b), the screw bolt is able to
translate the part B using the LM guide (to the direction of green
arrow) and the part A also can be translated relatively to the part
B (to the direction of yellow arrow) for tensioning of wire ropes.
The wire rope A extended from the gripper joint is fixed at part
A. The other wire rope B extended from the gripper joint winds
the idle pulley, and then, the knot of the wire rope B is fixed on
the groove of the part B. Under this condition, the tension of
both the wire ropes A and B is adjustable at the same time as
the position of the part A is adjustable relatively to the part B
using the bolt A. When the screw bolt is rotated by the motor
M9, the part A and the part B are moved at the same time (to the
direction of green arrow), and then, the gripper of the surgical
tool unit begins to move. Hence, the motors M7, M8, and M9
at the distal portion of the base unit can rotate the three screw
bolts to translate the parts A and B, with the tension of the wire
ropes held. The developed surgical tool unit is represented in
Fig. 6(a)–(c). The entire surgical manipulator is also represented
in Fig. 7. Joints 2, 3, and 4 of the base unit are counterbalanced.
The reduction ratio, the velocity, and the torque of all the joints
are listed in Table III.

B. Implementation of the Tool Loader

We developed a tool loader to attach or detach the surgical
tool unit automatically as shown in Fig. 8(a). The tool loader

Fig. 6. (a) Surgical tool unit. (b) Gripper portion. (c) Driving portion.

Fig. 7. Overview of the proposed surgical manipulator.

TABLE III
JOINTS OF THE SURGICAL MANIPULATOR

is fixed on the ground, and it has a tool loader unit installed
as shown in Fig. 8(b). As seen in Fig. 9, the tool loader unit
is actively driven with 2 DOF by two motors. Each motor is
connected to the rack gear by coupling. Then the slider body
can be translated by the rack and pinion gears. Each slider body
has two slider shafts and they are translated along the linear
bushings. The tool loader unit has four guide pins, which are
helpful to fix the position of the surgical tool unit relative to the
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Fig. 8. (a) Developed tool loader. (b) Tool loader unit. (c) Tool loader unit
with the attached surgical tool unit.

Fig. 9. Illustration of the tool loader unit with the surgical tool unit.

tool loader unit. After the base unit with the attached surgical
tool unit is moved to detach the surgical tool unit, the surgical
tool unit is placed on the tool loader unit by the guidance of
the four guide pins. Then the motors of the tool loader unit
start to translate four slider shafts to push the triggers of the
surgical tool unit. The spring-loaded trigger has three buttons.
Its middle button can be inserted into the hole of the leg of the
base unit [see Fig. 4(a)] and the other buttons are pushed by
the slider shafts. When two triggers are pushed by the slider
shafts, two supports of the surgical tool unit detach the leg of
the base unit from the middle button of the trigger by the spring
forces [see Fig. 10(a)]. At the same time, the surgical tool unit
is fixed to the tool loader unit by the four slider shafts as shown
in Fig. 8(c). If the base unit attaches the surgical tool unit, the
legs are inserted into the surgical tool unit and push the middle
buttons of the triggers [see Fig. 10(b)]. Then the tool loader
unit releases the other buttons of the triggers and again, the legs
are translated downwardly to attach the surgical tool unit [see
Fig. 10(c)]. When the downward forces of the legs are greater

Fig. 10. (a) Detaching process. (b) Attaching process I. (c) Attaching pro-
cess II.

Fig. 11. Control equipment.

than the spring forces of the supports, the middle buttons of the
triggers are inserted into the holes of the legs of the base unit. To
transmit the torque to the surgical tool unit, the driving pulleys
of the distal portion of the base unit can be inserted into the
holes of the driven pulleys of the surgical tool unit due to their
wedges and flexible couplings. For this, we preset the position of
the driving pulleys and the driven pulleys before the attachment
of the surgical tool unit. The allowable misalignment angle error
for the attachment of the driving pulleys and the driven pulleys
is within about 11◦.

IV. EXPERIMENTAL RESULTS

A. Experimental System

The control equipment is illustrated in Fig. 11. The PHAN-
TOM device with 6 DOF plus two buttons is used as a master
manipulator. The master manipulator is connected to the com-
puter by IEEE 1394 communication and its encoder signals are
delivered to the computer. The computer is connected to the
motor amplifier amp 1 by a USB port. All the motor amplifiers
are MAXON EPOS2 and they are connected to each other by
controller area network communication. Then the encoder sig-
nals of the master manipulator are delivered to all the motor
amplifiers. The motor amplifiers are also connected to the dc
motors. The encoder signals of the dc motors can be delivered
to the computer via motor amplifiers. We set the overall con-
trol rate at 20 Hz. The round-trip latency was about 150 ms.
The latency can be reduced by upgrading the computing power
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Fig. 12. Side view of the maximum workspaces in MIS and open surgery.

Fig. 13. Top view of the maximum workspaces in MIS and open surgery.

and using a real-time operating system. The controller of the
surgical manipulator is the individual PID controller and VI-
SUAL C++ is used as a programming tool.

B. Workspace of the Surgical Manipulator

Fig. 12 represents the maximum workspaces of the surgical
manipulator from the side view of the surgical manipulator. The
virtual RCM is located at a distance of 386.6 mm horizontally
from the origin of the base unit. In MIS, the surgical manipula-
tor rotates from −40◦ to 40◦ on the virtual RCM, and it can be
inserted into the abdominal cavity to a depth of 340 mm from the
virtual RCM. In open surgery, the gripper of the surgical manip-
ulator can be extended horizontally with a maximum distance
of 814.4 mm from the origin of the base unit. The occupation
of the base unit from the origin to 120 mm horizontally is ex-
cepted from the workspace of the surgical manipulator. Fig. 13
represents the maximum workspace of the surgical manipulator
from the top view of the surgical manipulator. In open surgery,
as Joint 1 rotates from −105◦ to 105◦, the surgical manipula-
tor has a hemispherical workspace with a maximum radius of
814.4 mm.

Fig. 14. (a) Measurement of the actual angle of the pitching joint. (b) Mea-
surement of the actual angle of the distal rolling joint. (c) Measurement of the
gripper force. (d) Measurement of the lifting force.

C. Motion-Tracking Experiments

Experiments to measure the actual angles of the pitching
joint and the distal rolling joint were carried out. As shown in
Fig. 14(a), the rod of the surgical tool unit and a protractor are
aligned on a coordinate paper. Then the axis of the pitching
joint and the origin of the protractor are coincident. With all the
motors of the surgical tool unit activated, the actual angles of
the pitching joint at intervals of 10◦ were measured. The actual
angles of the distal rolling joint were also measured using a pin
as a marker, when the gripper was normal to the plane of the
coordinate paper and its distal rolling axis was coincident to the
origin of the protractor as shown in Fig. 14(b). As the wire rope
used in the surgical tool unit has a backlash, the backlash was
measured several times, and within a displacement of 0.3 mm of
the wire rope, the joints of the surgical tool unit did not move.
Hence, a compensation method about the backlash of the wire
ropes in the surgical tool unit was applied to the motor control.
The angular errors of the pitching joint were within 2.0◦. When
the distal rolling joint rotates at the maximum angle, 90◦, as the
length of the loop of the wire ropes decreases, we need to pull the
wire ropes more than the theoretical displacement to obtain the
desired angle. Hence, in order to reduce the angular errors, an
additional compensation method was applied to the controller.
The angular errors of the distal rolling joint are within 4.5◦. The
angular errors are caused by the friction between idle pulleys
and their shafts, and the errors of the compensation method.

D. Load Test

To measure the grip force of the surgical tool unit, tensional
springs with various spring constants are used as shown in
Fig. 14(c). With the gripper opens, in order to hold the pre-
tension of the wire ropes, the length of the two wire ropes is
adjusted and the ends of the wire ropes are clamped. When the
gripper is closed, the grip force becomes equivalent to the spring
forces. Then a picture is taken of the springs, and the displace-
ment of the springs is measured. The result revealed that the
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Fig. 15. (a) Block-transfer task. (b) Simple suture task.

Fig. 16. Completion times of the block-transfer task with the camera.

gripper has an equivalent force of about 4.22 N. We also mea-
sured the xy manipulator tip force in the horizontal plane using
tensional springs. The maximum tip force is 23.5 N. Experiment
to verify the lifting force of the pitching joint was performed
as shown in Fig. 14(d). The weights were hung from the grip-
per and using the pitching joint, the gripper was able to lift the
weights. The maximum lifting force of the pitching joint was
4.41 N.

E. FLS Tasks

The tasks of a block transfer and a simple suture with an
intracorporeal knot in the FLS tasks were performed to com-
pare the performance of the proposed surgical manipulator with
that of other systems. An experimental device was set up for
the block-transfer task as shown in Fig. 15(a). A 1.3 megapixel
USB camera was used. In the block-transfer task, volunteers
were asked to grasp a block from the left peg board and then
place the block on the right peg board. After all six blocks were
transferred to the right peg board, the volunteers transferred all
the blocks back to the left peg board. Five volunteers performed
three repetitions of the block-transfer task, and the times for the
left-to-right transfer and the right-to-left transfer were recorded
separately. All the volunteers used the master manipulator with
their dominant hand to perform the block-transfer task. The
motion-scaling factor between the master manipulator and the
surgical manipulator was 1/0.75. The average time for the com-
pletion of the block-transfer task with the camera was 328 ±
36 s. To provide the depth information for the volunteers, the
block-transfer tasks with the naked eye are also performed. The
average time for the completion of the block-transfer task with
the naked eye was 242 ± 16 s. The results are represented in
Fig. 16.

Fig. 17. Workspace-conversion process from MIS to open surgery.

The simple suture with an intracorporeal knot was performed
five times by the first author. The suturing task involved a su-
ture, a surgeon’s knot, and two subsequent square throws. A
laparoscopic instrument handled by a volunteer was necessary
to help the surgical manipulator tie the knot. A piece of artificial
skin was used and a curved needle with a size of 25 mm was
used for the suturing [see Fig. 15(b)]. The completion times for
performing the simple suture with the camera were recorded.
The motion-scaling factor between the master manipulator and
the surgical manipulator was 1/0.7. The average time for the
completion of the simple suture was 261± 23 s.

V. PERFORMANCES OF THE SURGICAL MANIPULATOR

A. Workspace-Conversion Scenario From MIS to Open Surgery

The workspace-conversion process is a semiautomatic pro-
cess, which means that the surgeon can intervene in the process
at anytime. Since we focus on the workspace-conversion process
of the surgical manipulator, other surgical tasks in MIS are omit-
ted. When the surgical manipulator is ordered to stop MIS tasks
[see Fig. 17(a)], the wrist joints are aligned to the straight line
and the gripper of the surgical manipulator is translated to move
from the current position in the abdominal cavity to the incision
point [seeFig. 17(b)]. After the gripper of the surgical manipu-
lator is removed from the incision point safely, the surgeon can
detach the surgical tool unit immediately [see Fig. 17(c)]. Then
the surgical manipulator can be returned to the zero position
in open surgery. In order to convert the workspace from MIS
to open surgery with the surgical tool unit attached, after it is
removed from the abdominal cavity, the surgical manipulator is
moved along the predicted trajectory line [see Fig. 17(d)] and it
is returned to zero position in open surgery. When the kinematic
configuration of the surgical manipulator is converted, Joint
1 becomes activated. Therefore, when Joint 1 rotates at 90◦,
the surgical tool unit can be interchangeable from the side of
the patient [see Fig. 17(e)]. This makes a safer interchange of
the surgical tool unit than that of the surgical tool unit on the
body of the patient. The motion of the surgical manipulator is
indicated to the visual displayer [see Fig. 17(f)] and the surgeon
is able to supervise the process using the visual displayer and
to stop or restart the workspace-conversion process. The time
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Fig. 18. Detachment and attachment of the surgical tool unit.

of the workspace-conversion process with the surgical tool unit
attached takes about 15 s and the time can be adjusted.

B. Attachment of the Surgical Tool Unit

The tool loader is placed near the surgical manipulator and the
distance between the tool loader and the surgical manipulator
should be adjusted before the attachment of the surgical tool unit.
When the workspace conversion from MIS to open surgery is
finished, Joint 1 of the surgical manipulator rotates at 90◦. Then
the distal portion of the base unit with the attached surgical
tool unit is moved horizontally to the tool loader unit, and it is
moved downwardly to place the surgical tool unit on the tool
loader unit [see Fig. 18(a)]. The position of the surgical tool
unit relative to the tool loader unit is adjusted by the guide pins.
The allowable positioning error between the guide pins and the
surgical tool unit is within 2.0 mm. Then the tool loader unit
holds the surgical tool unit by the slider shafts. At the same
time, the supports of the surgical tool unit detach the legs of the
base unit by spring forces [see Fig. 18(b)]. To attach the surgical
tool unit to the base unit, again, the distal portion of the base
unit is moved on the top of the tool loader unit [see Fig. 18(c)].
Then the legs of the base unit are inserted into the guide edge of
the surgical tool unit until the position at which it is in contact
with the triggers of the surgical tool unit [see Fig. 18(d)]. After
the tool loader unit releases the surgical tool unit by the slider
shafts, the distal portion of the base unit pushes the supports of
the surgical tool unit to attach the triggers to the holes of the
legs [see Fig. 18(e)]. The base unit attaches the surgical tool
unit mechanically and the driving pulleys of the base unit are
inserted into the driven pulleys of the surgical tool unit. Then

TABLE IV
SPECIFICATION OF THE SURGICAL MANIPULATOR

TABLE V
COMPARISON WITH OTHER MIS SYSTEMS

the surgical manipulator is moved to the surgical site to perform
the surgical tasks again [see Fig. 18(f)]. Thus, the attachment of
the surgical tool unit is finished. It takes about 60 s to complete
the total process of detachment and attachment of the surgical
tool unit. We implemented the attachment and detachment of
the surgical tool unit without human assistance or an assistant
robot, and this strongly shows us the possibility of an automatic
tool changing mechanism in the surgical manipulator without
other assistance.

VI. DISCUSSION

Performance issues of the proposed manipulator are discussed
in this section. The specification of the manipulator is listed in
Table IV.

1) Comparison to other MIS systems: The performance of
the proposed manipulator was compared with published results
from the da Vinci system, the RAVEN system, and the system
of the University of Hawaii [37]. The results of the two FLS
tasks are listed in Table V. We can reduce the task completion
time if the precision of the surgical manipulator is improved and
the force feedback is used.

a) The precision of the surgical manipulator should be im-
proved for practical use. The major cause of positioning error is
the effect of the moment of inertia of the surgical manipulator.
The weight of the distal portion of the base unit with the surgical
tool unit is 24.5 N, which can produce the moment of inertia to
the joints of the base unit. This effect chiefly makes Joints 2
and 3 worse for motion-tracking performances. If the weight
of the distal portion of the surgical manipulator is decreased,
the positioning error will be smaller. If tungsten wire ropes with
greater stiffness than stainless wire ropes are used in the surgical
manipulator, the positioning error caused by the elasticity of the
wire ropes will be reduced.
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Fig. 19. Illustration of an open surgical tool unit.

b) The angle errors of the wrist joints were mostly caused by
the friction between idle pulleys and their shafts of the surgical
tool unit. Each wire rope of the surgical tool unit should be
connected to two idle pulleys. The more the tension of the
wire rope increases, the more the friction of the idle pulleys
increases. Improving the surface roughness of the idle pulleys
and the shafts can decrease the friction.

2) Roll–pitch–roll wrist: The proposed surgical manipulator
has roll–pitch–roll wrist joints. The proposed wrist joints have
a singular position when the gripper is parallel to the axis of
the long rod of the proposed tool. In contrast, the wrist joints
of the da Vinci 8 mm surgical tool have a singular position
when the gripper is perpendicular to the axis of the long rod
of the surgical tool. The distal yawing and gripping of the da
Vinci tool are coupled, whereas the distal rolling and gripping
of the proposed wrist joints are uncoupled. The three axes of
the da Vinci tool’s wrist joints are not coincident at a point
in the Cartesian space; thus, a closed-form solution cannot be
obtained. The closed-form solution of the proposed wrist joints
can be derived because the three axes of the wrist joints are
coincident at a point in the Cartesian space. When the gripper is
perpendicular to the axis of the rod of the surgical tool unit, the
gripper can rotate at three xyz axes. This configuration enables
the pitching joint to be used as the active elbow joint of the
surgical tool unit; it also enables the gripper to be triangulated
for single-port surgery. The proposed manipulator can be set
up for single-port surgery, although the diameter of the surgical
tool unit must be reduced to prevent a collision.

3) Open surgical tool unit: A surgical tool for open surgery
is illustrated in Fig. 19. The size constraint of the open surgical
tool unit is more flexible than that of the proposed MIS tool
unit. However, the open surgical tool unit produces more force
than the MIS tool unit. We can improve the payload by making
the open surgical tool unit bigger than the MIS tool unit, and
we can increase the stiffness by making the open surgical tool
unit shorter than the MIS tool unit. As we lengthen the moment
arm of the link that activates the gripper joint, the open surgical
tool unit can produce a stronger gripper force. Because the open
surgical tool unit has the same driving units as the MIS tool unit,
it can be attached to the base unit of the proposed manipulator.
Its wrist joints have the same type of roll–pitch–roll mechanism
as the MIS tool unit. Moreover, three-fingered robot hand with

3 DOF will be attachable to the base unit. The robot hand can
be used as a retractor for open surgery.

4) Automatic surgical tool exchange: To reduce the time of
an exchange of the surgical tool unit, the velocity of the surgical
manipulator should be faster. If the velocity of the manipulator
is faster than before, the allowable positioning error between the
surgical tool unit and the tool loader should be increased. We
can use visual feedback to recognize the positions of the surgical
tool unit and the tool loader in the Cartesian space. Then the
position adjustment before the exchange of the surgical tool unit
is not needed. As the exchange of the surgical tool unit can be
performed without human or other robot, we can save the space
of the operating room.

VII. CONCLUSION

We propose a surgical manipulator with workspace-
conversion ability for performing both an MIS procedure and
an open surgical procedure. It has a workspace for MIS with
a virtual RCM and a workspace for open surgery like that of
an articulated manipulator. Another feature of the surgical ma-
nipulator is a distal rolling joint implemented with two spiral
wire ropes. Experiments to verify the feasibility of the surgi-
cal manipulator were carried out and the performance of the
surgical manipulator is compared with other MIS systems. The
workspace conversion from MIS to open surgery was imple-
mented. Attachment and detachment of the surgical tool unit
without other assistance were carried out using a developed tool
loader. To commercialize the surgical manipulator, advanced
studies on the improvement of the precision, the development
of an open surgical tool and the implementation of force feed-
back are needed. When telesurgery becomes popular in the near
future, the workspace-conversion ability of the surgical manipu-
lator for performing both an MIS procedure and an open surgical
procedure will be useful.
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